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SUMMARY 
 
Corrosion is a major cause of deterioration in marine and offshore structures. It affects 
the life of process equipment and pipelines. Over the time corrosion can result in 
structural failure, leakage, product loss, environmental pollution, and the loss of life. 
Pitting corrosion is regarded as one of the most hazardous forms of corrosion it causes 
structural failure and its effects on offshore structures are reported to be catastrophic. 
Hence, significant attention should be given to predict the occurrence of pitting 
corrosion in offshore structures and the adequate measures should be taken to prevent 
as well as control the consequences. Pitting corrosion has been studied for several 
decades and considerable understanding of the pitting phenomenon has been learned. 
However, in depth knowledge of pitting modelling and pitting measurement is still 
lacking. This thesis advances these developments by proposing several novel extensions 
in the areas and provides a complete package. This thesis is also aimed to make a 
distinctive contribution within the area of safety and reliability of offshore structures 
susceptible to pitting corrosion.  
This thesis contains seven chapters. The first chapter provides the introduction and 
general structure of the thesis. In the second chapter, a highly systemized and thorough 
literature review on pitting corrosion was completed and the knowledge gaps were 
identified. This chapter reviews and analyses the current understanding of the pitting 
corrosion mechanism and investigates all possible factors that can cause pitting 
corrosion. Furthermore, different techniques employed by scientists and researchers to 
identify and model the pitting corrosion are also reviewed and analysed. The third 
chapter presents a development of a novel methodology for an optimum maintenance 
programme by integrating a dynamic RBM based reliability approach with risk 
assessment strategy. The developed methodology is applied to a case study involving 
an offshore oil and gas production facility. The application of the methodology has 
proven to be a high degree of prediction capability, which increase the reliability of the 
equipment and also optimizes the cost of maintenance. A sensitivity analysis proved 
that pitting corrosion is a predominant and critical factor for structural deterioration. 
While the fourth chapter proposes a novel probabilistic methodology to precisely 
predict the depth of pitting corrosion for structural steel in marine and offshore 
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environments. The propose Bayesian network model combines an understanding of 
corrosion phenomenological model and empirical model calibrated using real-world 
data.  A case study, which exemplifies the application of methodology to predict the pit 
depth of structural steel in long-term marine environment, is also presented in fourth 
chapter. The result shows that the proposed methodology succeeds in predicting the 
time-dependent, long-term anaerobic pitting corrosion depth of structural steel in 
different environmental and operational conditions. In the fifth chapter, an accelerated 
laboratory experiment for pitting corrosion was conducted in order to understand the 
practical significance of pitting mechanism, and to realistically predict the long-term 
service life of the steel structures. A series of pitting corrosion tests on stainless steel 
specimen with different thickness were conducted and data were statistically evaluated. 
This chapter also presents the modified ASTM G48 procedure. Similarly, the sixth 
chapter presents an experimental and numerical modelling of the stainless-steel 
specimen with varying thickness subjected to different level of pitting corrosion 
deterioration are considered. Numerical investigations using Finite Element Analysis 
(FEA) were performed using corroded and un-corroded steel specimen to predict the 
ultimate tensile strength, thereby for casting its prevention for the pitting corrosion 
degradation. The ultimate strengths for both intact and corroded specimen obtained 
using numerical method are validated with experimental data. The numerical analysis 
proved to produce excellent result with minimal difference when comparing with 
experimental result. Finally, chapter 7 includes the conclusions of the thesis. 
 
Keywords: Reliability, Pitting Corrosion, Risk-based maintenance, Bayesian network, 
Offshore Structures, Pit Depth, Bayesian Network, Phenomenological model, ASTM 
G48, Stainless steel, Weibull distributions, Tensile test, Numerical Study 
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1  Introduction 
1.1 Background and Research Significance 
The scientific exploration and exploitation of the ocean depth is currently proceeding at 
a greatly accelerated rate [1]. Consequently, there has been particularly rapid progress 
in the development of infrastructures for deep-ocean investigation and underwater 
activities. The oil and gas industries have built a large number of offshore platforms, 
pipelines, ships, and underwater storage and shore facilities. However, the structural 
reliability of these structures is yet to be fully understood [2]. These marine and offshore 
structures are typically constructed from steel and have the highest rate of critical 
incidents due to corrosion deterioration [3]. Corrosion is well defined as the destructive 
attack on a material by reaction with environment [4-8]. This material degradation 
results in loss of mechanical properties of the structure such as strength, ductility and 
impact strength. Material degradation leads to loss of material and, at times, to ultimate 
failure [4]. Further, corrosion is also of major economic significance. The World 
Corrosion Organization (WCO) estimates that the annual cost of corrosion worldwide 
is around $US2.4 trillion (3% of the world’s GDP) [9]. The economic cost for all forms 
of corrosion in advanced economies such as the United States of America was recently 
estimated at around 4% of gross national product (GNP) [10]. The environmental cost 
of corrosion can also be high; according to the Offshore Hydrocarbon Release Statistics 
and Analysis report 2002-2003 (HSR) [11], a total of 2313 hydrocarbon releases were 
reported from offshore facilities in nine and half years. The most common causes were 
‘mechanical failure’ due to corrosion and other related degradation. A total of 1034 
incidents (44.7% of the total incidents) were caused as a result of corrosion [11, 12]. 
Amongst all types of corrosion, pitting is the most common and damaging form of 
corrosion in marine and offshore structures [13]. Pitting corrosion is very dangerous, 
widespread, and difficult to detect; hence, it has been a matter of great concern to marine 
and offshore industries for several years [14].  Pitting corrosion is defined as a localized 
dissolution of metals that occurs due to the breakdown of the protective passive film - 
notably the protective coating and paint on metal surfaces [5, 15-17]. Pitting corrosion 
can also occur during active dissolution if certain sections of the sample are more 
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susceptible and dissolve faster than the rest of the surface [18]. Szklarska et al. [17] 
describes pitting as a form of localized corrosion in which metal is removed 
preferentially from vulnerable areas of the surface. To be precise, the dissolutions lead 
to the formation of cavities in passivated metals or alloys, which are exposed to 
solutions containing aggressive anions. Most pitting failures in the offshore sectors are 
caused by chloride and chloride containing ions. It is very likely for pitting to occur 
when protective measures such as paint coating, galvanizing or cathodic protection are 
ineffective [19]. Pitting is one of the most vicious and insidious forms of corrosion; the 
attack is extremely localized resulting in holes in the structure and thereby causing 
failures [19].  
History shows that pitting corrosion is a dominant cause of structural failure in marine 
and offshore sectors. The reason for this is due to the well-known fact that seawater is 
an aggressive corrosive environment and the structures are generally fabricated with 
alloy steel which favours pitting corrosion. The pitting in these structures is often very 
severe, not only under sustained immersed conditions, but also under general exposure 
to atmospheric conditions [14]. The effects of pitting corrosion can be catastrophic, as 
illustrated by several incidents reported in the offshore oil and gas sectors. In March 
1965, a natural gas pipeline exploded in Louisiana killed 17 people including 9 children. 
The heat from the explosion was very intense; 6 cars and 3 trucks melted, and 5 houses 
were scattered over a large area. In July 1988, there was a massive leakage of gas 
condensate on Piper Alpha due to pitting corrosion which, when it ignited, caused an 
explosion leading to large oil fires. The scale of the disaster was enormous, killing 167 
people on board, and it is regarded as the deadliest accident in the history of the oil and 
gas industry [3]. In April 1992 a sewer explosion in Guadalajara, Mexico killed 215 
people. In this incident a series of blasts damaged 1600 buildings and injured 1500 
people [20]. Roberge et al. [20] described it as being one of the most catastrophic 
accidents resulting from a single pit. A recent example of pitting corrosion-related 
failure is the BP ULA accident in Norway. In September 2012, an estimated 125 barrels 
of oil and 1,600 kilograms of gas leaked at the North Sea platform due to pit in a valve; 
despite there being no injuries, production was stopped for 67 days [3]. Similarly, in 
December 2012 a buried, half a meter diameter, high-pressure natural gas pipeline 
operated by Columbia Gas Transmission ruptured due to pitting corrosion. There were 
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no fatalities; however, several houses were damaged and about 2 million standard cubic 
meters of natural gas was released and burned. The total cost was expected to be about 
$9 million dollars [21]. Consequently, significant attention should be given to predict 
the occurrence of pitting corrosion in offshore structures and adequate measures should 
be taken to prevent and control the consequences. 
Pitting corrosion in offshore steel structures has particular importance where 
containment is critical, such as for pressure vessels, boilers, turbine blades and for 
metallic containers for toxic materials. It is also significant for localized structural 
strength in piping, tanks, ships and marine structures [22, 23]. Melchers et al. [23] 
stressed the importance of pitting corrosion knowledge as being crucial for the marine 
and offshore sectors. They recommended a deep knowledge of pitting corrosion - its 
effects, and the application of preventative methods - as this will assist in reducing 
material losses resulting from same [24]. This will also improve the safety of operating 
equipment [22]. Pitting corrosion has been studied for several decades and considerable 
understanding of the pitting phenomenon has been generated. However in depth 
knowledge of pitting modelling and pitting measurement is still lacking [18]. There is 
also a limited understanding of why the pitting corrosion rate is not constant over time 
and why data tends to be scattered. Hence, it is necessary to review what actually 
happens when a steel surface is exposed to natural seawater and how this process 
progresses with time [10].  
Many researchers have studied factors affecting pitting corrosion in marine and offshore 
environments [5, 15, 25-30]; however, the factors investigated are very limited and there 
is still a potential to study them more thoroughly. Traditional corrosion models are of 
poor quality. Although the conventional models provide a strong understanding of 
corrosion process, they are often hard to test in real-world engineering applications. 
These models are useful for specific site or operating conditions, they still carry high 
uncertainty associated with each data points as some data point might be wrong owing 
to errors in observation or data processing [24]. Hence it is essential to use a Bayesian 
statistics to develop corrosion loss/pitting depth model considering ‘prior’ knowledge 
of the corrosion process involved together with data used to calibrate them in the real 
world. Melchers [24] also emphasized on the importance of developing probabilistic 
models such as Bayesian statistics in the future model for predicting corrosion 
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loss/pitting depth. In this context, this project aims to increase the safety and reliability 
of ocean structures by studying all possible factors that can cause pitting corrosion and 
by developing dynamic risk based maintenance strategy for pitting corrosion, a 
probabilistic model for predicting the pit depth, laboratory based experimentation for 
pitting corrosion and destructive testing and computational analysis is also carried out 
to better understand the practical perception of pitting corrosion process. The further 
improvement of this work could be analysing effect of pitting corrosion on systems such 
as the structural elements of marine and offshore structures, Static process equipment 
and Rotating machinery. The influence of mechanical loads on pit growth kinetics as 
well as a criterion of transformation of pit into fatigue crack is also considered as a 
further improvement of this work.
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The output of this research project will contribute to knowledge enhancement in the 
academic research community and also to offshore industrial society 
1.2 Research Overview 
1.1.1 RESEARCH AIM 
“To improve the safety and reliability of the ocean structures susceptible to pitting 
corrosion by developing a predictive model and applying risk-based methodology to 
assess the remaining life of the offshore asset.” 
1.1.2 RESEARCH QUESTIONS 
This research question is divided into several sub-questions as follows: 
• How to identify wheather the existing offshore structures are still safe? If it is 
safe how many years before it becomes unsafe?  
• How often and at what cost the offshore structure should plan for the 
maintenance in order to prevent the structural failure due to pitting corrosion? 
• How can future deterioration of the offshore structures be predicted to increase 
the safety and remaining life of the offshore asset? 
• How can a probabilistic/mathematical model be developed to predict the long-
term pit depth/pit density in marine and offshore environments? 
• How to precisely estimate the failure and strength performance of steel 
specimens subjected to pitting corrosion? 
1.1.3 RESEARCH OBJECTIVES 
This research focuses on the reliability and integrity management of the offshore steel 
structures under the attack of pitting corrosion. An understanding of the contributing 
factors of pitting corrosion and how these factors can make the expected behaviour 
predictable. Developing a model to predict pitting behaviour in marine environments is 
a need to reduce failure probabilities, optimize maintenance and inspection schedules, 
and to aid in material selection for this type of application. The purpose of the research 
is to study the pitting mechanism in detail, to investigate how pitting characteristics 
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such as rate, depth, density and interfacial distance cause structural failure. Developing 
and validating the predictive models using existing and newly developed data are also 
considered. Both experimental and numerical testing procedures are conducted to 
investigate the structural failure due to pitting. The experimental and Finite Element 
Analysis (FEA) are conducted for steel specimens exposed to marine environments to 
evaluate the failure and strength performance. This research project is conducted in five 
stages: detail literature review on pitting corrosion degradation mechanism, 
development of risk–based maintenance and case study, pit depth modelling using 
probabilistic approach, experimental studies, finite element modelling and validation to 
destructive testing. This study is performed based on following objectives: 
• To achieve an in-depth understanding of the pitting corrosion mechanism in 
marine environments.  
• To develop a novel risk-based maintenance strategy for the offshore structures 
susceptible to pitting corrosion. 
• To develop a novel probabilistic methodology to predict the pitting corrosion 
and future deterioration of offshore structures.  
• To design the laboratory experiment to better understand pitting mechanism and 
to realistically predict long-term service life of steel structure in different 
environmental conditions. 
• To develop failure model and to study ultimate strength performance for steel 
specimens subjected to pitting corrosion using Finite Element Analysis (FEA). 
1.3 Thesis Organization Scope and Contribution 
The summary of the thesis outline is provided in below section. These chapters are, to 
a large extent, self-contained and can be read independently. While several novel 
aspects are expected to be developed from this project, the major novel components this 
work are: 
Chapter 2:  Modelling of Pitting Corrosion in Marine and Offshore Steel 
Structures - A Technical Review 
Chapter 2 is a detail and technical review work and it reviews and analyses the current 
understanding of the pitting corrosion mechanism and investigates all possible factors 
that can cause pitting corrosion. Furthermore, different techniques employed by 
scientists and researchers to identify and model the pitting corrosion are also reviewed 
and analysed.  Future work should involve an in-depth scientific study of the corrosion 
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mechanism and an engineering predictive model are recommended in order to assess 
failure, and thereby attempt to increase the remaining life of offshore assets. A thorough 
revision and discussion of the wide spectrum of factors that can cause pitting corrosion 
and their respective effects is made available to the corrosion research community. This 
has already been accomplished and the outcomes of the revision have been published 
in the Journal of Loss Prevention in the Process Industries. 
Chapter 3: Risk-based Maintenance (RBM) of an Offshore Process Facility using 
Bayesian Network 
This chapter introduces a developed methodology for the risk-based maintenance 
planning using probabilistic approach. This methodology helps to maximize the 
reliability of the equipment and reduces the total cost of the maintenance of offshore oil 
and gas structures susceptible to pitting corrosion. Risk-based maintenance strategy 
provided a tool for maintenance planning and decision-making to reduce the failure 
probability of equipment and the associated consequences.  
This article discusses a novel methodology for the design of an optimum maintenance 
programme integrating a dynamic RBM based reliability approach and a risk 
assessment strategy. In this study, Bayesian Network (BN) is employed to develop a 
new dynamic RBM methodology for the design of an optimum maintenance 
programme for offshore production facility. The application of this methodology has 
high degree of prediction capability which increases the reliability of the equipment and 
also optimizes the cost of maintenance. The developed methodology is applied to a case 
study involving an offshore oil and gas production facility. A sensitivity analysis is also 
conducted to study the critical equipment based on the risk levels. This component of 
the work has been published in the Journal of Process Safety Progress. 
Chapter 4:  Pitting Degradation Modelling of Ocean Steel Structures using 
Bayesian Network 
Chapter 4 develops the novel probabilistic methodology to predict the longer term 
pitting corrosion depth of structural steel will be made available to the industrial society. 
This methodology can be adopted for the future design of the offshore structures to 
predict the pitting depth as a function of exposure time using the corresponding 
operating conditions. The detail development of the methodology and the application 
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of proposed methodology is published in the Journal of Offshore Mechanics and Arctic 
Engineering. 
Chapter 5:  Accelerated Pitting Corrosion Test of 304 Stainless Steel using 
ASTM G48; Experimental Investigation and Concomitant Challenges  
Chapter 5 is the experimental investigation of the challenges associated with the ASTM 
G48 standard for accelerated pitting corrosion test. This investigation improves the 
ASTM G48 standard for pitting immersion test on 304 stainless steel specimens by 
modifying testing regime and implementing some extra measures. A series of pitting 
corrosion tests on stainless steel specimen with different thickness were conducted and 
data were statistically evaluated. The generalized extreme value distribution, such as 
Weibull, provides adequate statistical descriptions of the pit depth and pit diameter 
distributions. The modified ASTM G48 offered advantages in the extraction and 
interpretation of the data for pit characteristics in the accelerated pitting corrosion test 
simulating actual marine environment. This chapter is been published in the Journal of 
Loss Prevention in the Process Industries. 
Chapter 6:  Experimental and Numerical Strength Assessment of Steel Specimen 
subjected to pitting Corrosion 
Chapter 6 developed a computational technique to analyses the failure of steel structure 
under pitting corrosion attack. It is also equally important to determine the remaining 
strength of the corroded structure in order to maintain its reliability and survivability. 
This paper presents the experimental and numerical modelling of the stainless-steel 
specimen with varying thickness subjected to different level of pitting corrosion 
deterioration. The surface of 24 corroded specimens with differing pit characteristics 
was studied to investigate the strength reduction due to pitting degradation.  
Chapter 7: Conclusions  
This final chapter summarizes the major findings of this PhD research. 
5 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[Page intentionally left blank] 
 
 
 
 
 
 
 
 
6 
 
2 Modelling of Pitting Corrosion in Marine and 
Offshore Steel Structures-A Technical Review  
 
Abstract 
Corrosion is a major cause of structural deterioration in marine and offshore structures. 
It affects the life of process equipment and pipelines, and can result in structural failure, 
leakage, product loss, environmental pollution and the loss of life. Pitting corrosion is 
regarded as one of the most hazardous forms of corrosion for marine and offshore 
structures. The total loss of the structure might be very small, but local rate of attack 
can be very large and can lead to early catastrophic failure. Pitting corrosion is a 
localized accelerated dissolution of metal that occurs as a result of a breakdown in the 
protective passive film on the metal surface. It has been studied for many years; 
however, the structural failure due to pit characteristics is still not fully understood. 
Accurate pit depth measurements, precise strength assessment techniques, risk analysis 
due to pitting, and the mathematical relationship of the environmental factors that 
causes pitting failure are also factors, which need further understanding. Hence this 
paper focuses on these issues. It reviews and analyses the current understanding of the 
pitting corrosion mechanism and investigates all possible factors that can cause pitting 
corrosion. Furthermore, different techniques employed by scientists and researchers to 
identify and model the pitting corrosion are also reviewed and analysed.  Future work 
should involve an in-depth scientific study of the corrosion mechanism and an 
engineering predictive model is recommended in order to assess failure, and thereby 
attempt to increase the remaining life of offshore assets. 
Keywords: Pitting Corrosion, Offshore Structures, Prediction, Corrosion Modelling, 
Safety Assessment, Steel 
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2.1 Introduction  
The scientific exploration and exploitation of the ocean depth is now proceeding at a 
greatly accelerated rate [1].  Consequently, there has been particularly rapid progress in 
the development of equipment for deep-ocean investigation and underwater activities.  
The oil and gas industries have built a large number of offshore platforms, pipelines, 
ships, and underwater storage and shore facilities. However, the structural reliability of 
these structures is not fully understood [2].  These marine and offshore structures are 
typically constructed from steel and have the highest rate of critical incidents due to 
corrosion deterioration [3].  Corrosion is well defined as the destructive attack on a 
material by reaction with its environment [4-8].  This material degradation results in 
loss of mechanical properties of the structure such as strength, ductility and impact 
strength. Material degradation leads to loss of material and, at times, to ultimate failure 
[4].  Further, corrosion is also of major economic significance. The World Corrosion 
Organization (WCO) estimates that the annual cost of corrosion worldwide is around 
$US2.4 trillion (3% of the world’s GDP) [9]. The economic cost for all forms of 
corrosion in advanced economies such as the United States of America was recently 
estimated at around 4% of gross national product (GNP) [10]. The environmental cost 
of corrosion can also be high; according to the Offshore Hydrocarbon Release Statistics 
and Analysis report 2002-2003 (HSR) [11], a total of 2313 hydrocarbon releases were 
reported from offshore facilities in nine and half years. The most common causes were 
‘mechanical failure’ due to corrosion and other related degradation. A total of 1034 
incidents (44.7% of the total incidents) were caused as a result of corrosion [11, 12]. 
Amongst all types of corrosion, pitting is the most common and damaging form of 
corrosion in marine and offshore structures [13]. Pitting corrosion is very dangerous, 
widespread, and difficult to detect; hence, it has been a matter of great concern to marine 
and offshore industries for several years [14].  Pitting corrosion is defined by Szklarska 
[17] as a localized dissolution of metals that occurs due to the breakdown of the 
protective passive film - notably the protective coating and paint on metal surfaces [5, 
15-17].  Pitting corrosion can also occur during active dissolution if certain sections of 
the sample are more susceptible and dissolve faster than the rest of the surface [18].  
Szklarska et al. [17] describes pitting as a form of localized corrosion in which metal is 
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removed preferentially from vulnerable areas of the surface. More specifically, the 
dissolutions lead to the formation of cavities in passivated metals or alloys, which are 
exposed to solutions containing aggressive anions. Most pitting failures in the offshore 
sectors are caused by chloride and chloride containing ions. It is very likely for pitting 
to occur when protective measures such as paint coating, galvanizing or cathodic 
protection are ineffective [19].  Pitting is one of the most vicious and insidious forms 
of corrosion; the attack is extremely localized resulting in holes in the structure and 
thereby causing failures [19]. History shows that pitting corrosion is a dominant cause 
of structural failure in marine and offshore sectors. The reason for this is due to the well-
known fact that sea water is an aggressive corrosive environment and the structures are 
generally fabricated with alloy steel which favours pitting corrosion. The pitting in these 
structures is often very severe, not only under sustained immersed conditions, but also 
under general exposure to atmospheric conditions [14].  The effects of pitting corrosion 
can be catastrophic, as illustrated by several incidents reported in the offshore oil and 
gas sectors. In March 1965 a natural gas pipeline exploded in Louisiana, killing 17 
people including 9 children. The heat from the explosion was very intense; 6 cars and 
3 trucks melted and 5 houses were scattered over a large area. In July 1988 there was a 
massive leakage of gas condensate on Piper Alpha due to pitting corrosion which, when 
it ignited, caused an explosion leading to large oil fires. The scale of the disaster was 
enormous, killing 167 people on board, and it is regarded as the deadliest accident in 
the history of the oil and gas industry [3]. In April 1992 a sewer explosion in 
Guadalajara, Mexico killed 215 people. In this incident a series of blasts damaged 1600 
buildings and injured 1500 people [20].  Roberge et al. [20] described it as being one of 
the most catastrophic accidents resulting from a single pit. A recent example of pitting 
corrosion-related failure is the BP ULA accident in Norway. In September 2012, an 
estimated 125 barrels of oil and 1,600 kilograms of gas leaked at the North Sea platform 
due to pit in a valve; despite there being no injuries, production was stopped for 67 days 
[3]. Similarly, in December 2012 a buried, half a meter diameter, high-pressure natural 
gas pipeline operated by Columbia Gas Transmission ruptured due to pitting corrosion. 
There were no fatalities; however, several houses were damaged and about 2 million 
standard cubic meters of natural gas was released and burned. The total cost was 
expected to be about $9 million dollars [21]. Consequently, significant attention should 
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be given to predict the occurrence of pitting corrosion in offshore structures and 
adequate measures should be taken to prevent and control the consequences. 
Pitting corrosion in offshore steel structures has particular importance where 
containment is critical, such as for pressure vessels, boilers, turbine blades and for 
metallic containers for toxic materials. It is also significant for localized structural 
strength in piping, tanks, ships and marine structures. [22, 23].  Melchers et al. [23] 
stressed the importance of pitting corrosion knowledge as being crucial for the marine 
and offshore sectors. They recommended a deep knowledge of pitting corrosion - its 
effects, and the application of preventative methods - as this will assist in reducing 
material losses resulting from same [24].  It will also improve the safety of operating 
equipment [22]. 
 Pitting corrosion has been studied for several decades and considerable understanding 
of the pitting phenomenon has been generated. However in depth knowledge of pitting 
modelling and pitting measurement is still lacking [18].  There is also a limited 
understanding of why the pitting corrosion rate is not constant over time and why data 
tends to be scattered. Hence, it is necessary to review what actually happens when a 
steel surface is exposed to natural seawater and how this process progresses with time 
[10].  
Many researchers have studied factors affecting pitting corrosion in marine and offshore 
environments [5, 15, 25-30]; however, the factors investigated are very limited and there 
is still a potential to study them more thoroughly. In this study, all possible factors that 
can cause pitting corrosion will be discussed and the effects of a number of factors in 
initiating the pitting corrosion will be summarized. In addition different techniques 
employed by scientists and researchers, to identify and model the pitting corrosion, are 
focused on in subsequent sections.  
2.2 General Description of Pitting Corrosion 
Pitting corrosion is defined as localized corrosion of a metal surface, confined to a point 
or small area that takes the form of cavities [22]. Major consequences of pitting are the 
breakdown of passivity; in general, pitting occurs when there is a breakdown of surface 
films exposed to the pitting environment. Pitting corrosion occurs when discrete areas 
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of a material undergo rapid attack while most of the adjutant surface remains virtually 
unaffected [31].  The attack leads to characteristic forms of cavity, such as pits or 
crevices in the metal surface [23]. Research shows the common factors contributing to 
the initiation and propagation of pitting corrosion are [20]:  
• Localized chemical or mechanical damage to the protective oxide film 
• Factors that can cause breakdown of a passive film, such as acidity, low 
dissolved oxygen concentrations and high chloride concentrations; these are 
likely to turn a protective oxide film less stable, and thereby initiate pit 
• Localized damage to, or poor application of, protective coating 
• Presence of non-uniformities in the metal structure of the component such as 
non-metallic inclusions.  
Pitting corrosion can produce pits with their mouth open (uncovered) or be covered with 
a semi-permeable membrane of corrosion products. Pits can be either hemispherical or 
cup-shaped. In some cases they are flat-walled, revealing the crystal structure of the 
metal but they may also have a completely irregular shape. Figure 2-1 shows the 
common pit shapes divided in two groups namely: trough pits (upper) and sideway pits 
(lower): 
 
Figure 2-1. Sketch of common pit shapes. 
Pitting cavities may fill with corrosion products and form caps over the pit cavities, 
sometimes creating nodules or tubercles. While the shapes of the pits vary widely, as 
evidenced in Figure 2-1, they are usually roughly saucer-shaped, conical, or 
hemispherical for steel and many associated alloys [20].  
Pitting corrosion is complicated in nature; according to Abood et al. [22] the oxide films 
that form on different metals vary one from another in electronic conduction, porosity, 
thickness and state of hydration [22].  Zaya et al. [30] studied pitting theory and stages 
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of pit development; the schematic of different stages for the development of an 
individual pit can be seen in the Figure 2-2.  Zaya et al. [30] distinguished various stages 
of the pitting corrosion process and divided them into four stages (see Figure 2-2).  
Stage 0 represents an un-attacked metallic surface which is completely covered with the 
passive films. Stage 1 involves the rupture of the passive layer; the substrate is still 
protected except for a small patch in contact with the electrolyte. The dimension of the 
small patch in stage 1 can be smaller or comparable to the thickness of the passive film. 
Subsequently, the dissolution of the substrate begins. Stage 2 is reached when the 
conditions for pit growth are met and repassivation cannot occur anymore i.e. the pit 
begins to grow. Therefore, in stage 3 the dissolution of the substrate begins to grow and 
the pit becomes about 1 to 10  which can be seen under optical microscope. Pits 
have a shape of hemisphere or of a polyhedron by stage 3. At the final stage 4 the pits 
can be seen with the naked eye. The pit can have an irregular shape if partially covered 
around the mouth with solid corrosion products [1, 17, 23, 30]. 
 
Figure 2-2. Schematic stages of pit development (adopted from Zaya, 1984 [20]  
Many researchers, starting with Evens and Bannister in 1931 [32, 33], and later 
Richardson in 1973 [34], claim that local weak spots or defects are always present in 
the passive films. Therefore stage 0 never exists and, immediately after immersion, the 
process starts at stage 1, i.e. metal and solution are in contact [32-34]. The induction 
period only corresponds to the rate time necessary for the corrosion to be well developed 
m
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and detectable. Additionally, the corrosive attack is highly localised and the precise 
location of pits appears to be unpredictable [23, 30]. 
Steel alloys, such as stainless steel and aluminium alloys, are commonly used in marine 
and offshore sectors.  These alloys are comprised of passive films which are thin 
(nanometre-scale) oxide layers that can form on the metal surface in marine 
environments [20, 35].  However, such passive films are often susceptible to localized 
breakdown resulting in accelerated dissolution of the underlying metal [36].  If the 
attack initiates on an open surface it is called pitting corrosion. This form of localized 
corrosion can lead to accelerated failure of structural components by perforation or by 
acting as an initiation site of cracking [23].  Figure 2-3 shows an example of the deep 
pits on a metal surface. 
 
Figure 2-3. Deep pit in the metal [22, 31] 
Roberge et al.[20] reported that the practical importance of pitting corrosion depends 
on the thickness of the metal and on the penetration rate. In general, it was found that 
the rate of penetration decreases if the number of pits increases. This is attributed to 
closely spaced pits having to share the available adjacent cathodic area which controls 
the corrosion current that can flow [17, 20, 31].  Abood et al. [22] studied different 
parameters that influence pitting corrosion. The parameters investigated were limited to 
environment, metal composition, pitting potential, temperature and the surface 
conditions. Within these, environmental parameters were found to be the most critical 
factors. They include aggressive ion concentration, pH, and inhibitor concentration [17, 
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20, 22].  Similarly, Frankel et al. [18] provided an overview of the critical factors that 
influence the pitting corrosion of metals. They found that the effects of alloy 
composition, environment, pitting potential and temperature are critical for pitting to 
occur. These critical factors are further reviewed in the following section.  
2.2.1 Stages of Pitting Corrosion 
Pitting can consist in various stages: passive film breakdown, pit initiation, metastable 
pitting, pit growth and pit stifling. Any of these stages may be considered to be critical 
[17, 22, 37].  Pitting corrosion capitalizes on breakdown in the protective layer, either 
natural or applied, and provides a nucleation point for the formation of pits in the 
presence of an electrolyte containing an aggressive anion [25].  Once the passive film 
breaks down and a pit initiates, there is a possibility that a single pit will grow. The 
passive state is required for pitting to occur; however some researchers believe that the 
minutiae of passive film composition and structure play a minor role in the pitting 
process [22].  Regardless, pit growth is critical in practical applications of failure 
prediction in marine and offshore structures.  
2.2.1.1 Passive film breakdown 
A passive film breaking theory was originally proposed by Hoar et al. [38] in 1967  and 
was later extended on by many researchers [30].  Hoar et al. [38] suggested that the 
absorption of the damaging ions on the surface of the passive film produces mutual 
repulsion which lowers the interfacial surface tension. It was reported that when the 
repulsive force is sufficient, the passive film cracks [30, 38].  The breakdown of the 
passive film and the details of pit initiation comprise the least understood aspect of the 
pitting phenomenon. Breakdown is a rare occurrence that happens very rapidly and on 
a very small scale, making direct detection of the breakdown difficult [22, 23, 30, 38].  
Caines et al. [25] described passive film breakdown in stainless steel alloys commonly 
used in offshore installations. In these alloys, the breakdown of the passive film 
provides sites for pit nucleation and, consequently, these breakdown sites are 
susceptible to pitting corrosion. Passive films are present on the surface of the stainless 
steels in the presence of oxygen. At low temperatures, a true oxide layer is not formed; 
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instead a thin passive film is formed and acts as a barrier and thereby provides corrosion 
resistance [25].  
 
Figure 2-4. Schematic of anodic curve for a metal immersed in a solution containing 
aggressive ions (Adopted from Caines et. al [17, 18, 25]   
Figure 2-4 illustrates the polarization curve [10, 17, 18, 22, 25, 39] to estimate the 
susceptibility of the metal alloy to pitting corrosion [25].  The curve is used to find Epit 
and repassivation potential (ER).  Higher Epit for a material in a given environment 
indicates greater resistance to pitting [17, 25, 40].  Similarly, if the potential is reduced 
below Epit, the surface may repassivate and pit growth can stop. However, if the 
potential is between Epit and ER, pitting can be expected [17, 25, 40]. 
2.2.1.2 Pit Initiation 
The initiation stage of pitting is generally agreed to be of very short duration. Melchers 
et al.[23] reported that the duration of pit initiation can be as short as micro-seconds and 
that pitting initiation is strongly dependent on the surface conditions of the material. 
This is important in setting the overall areal pattern for subsequent localised corrosion 
[23].  Caines et al. [25] postulated that the initiation of pits is influenced by surface 
defects which may be due to manufacturing issues such as installation problems, 
improper maintenance procedures and environment changes[25].  Caines et al. [25] also 
studied different factors that cause the site of pit initiation. Some of these are: 
• Damage to protective chemical or mechanical oxide layer 
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• Environmental factors such as low pH, high chloride concentration causing   
protective layer breakdown 
• Damage to applied protective coating 
• Discontinuities in the protective coating 
Strehblow et al. [40] and Frankel et al. [18] represented pit initiation by categorizing it  
in three different mechanisms: (a) penetration (b) adsorption and thinning and (c) film 
breaking mechanisms [18].  Penetration mechanisms for pit initiation involves the 
transport of the aggressive anions through the passive film to the oxide interface where 
aggressive dissolution is promoted [18]. This mechanism is aided by the induction time 
for pitting and the presence of chloride in an electrolyte. An adsorption theory of pitting 
initiation is based on the material’s adsorption of chloride and oxygen. Strehblow et al. 
[40] described an aspect of pit adsorption, based on X-ray Photoelectron Spectroscopy 
(XPS) measurements, as being the exposure of Fe to chloride and other halides which 
cause the thickening of the passive films, even under conditions where pit has not 
formed. This is as a result of the catalytically enhanced transfer of cations from the 
oxide to the electrolyte [18, 40].  The film breaking may occur due to mechanical stress 
at weak sites, or flaws, causing local breakdown events; however these can also rapidly 
heal in nonaggressive environments [18, 40].   
2.2.1.3 Metastable Pitting 
Metastable pits are those that initiate and grow for a limited period before repassivating, 
or before dying [18, 41].  Pits which cease growing and repassivate in this manner are 
described as metastable [22, 41, 42].  The metastable pits may survive and become 
stable growing pits depending upon the composition of the material, the critical solution, 
mass-transport and the pitting potential at the bottom of the pit. Stable pitting corrosion 
occurs when the corrosion potential, , exceeds the pitting potential, [18, 41]. 
The measure of a material’s ability to undergo stable pitting corrosion in a certain 
environment is defined as the pitting potential ( ) [42].  Galvele et al. [43] described 
 as a limit where the growth of pits happens above the surface, however a passive 
surface is maintained below [43].     
corrE pitE
pitE
pitE
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Wika et al. [41] described metastable pits as the incipient growth of initiated pits, and 
which must survive in order to become stable growing pits. These are small pits, of only 
few microns in size, which normally last only a few seconds before the surface 
repassivates [41].  
Pistorius et al. [42] investigated the development of highly aggressive anolyte inside 
the metastable pit which has low pH as a result of hydrolysis of the dissolving metal 
cations. The anolyte also carries an enhanced concentration of anions because these 
migrate into the pit to maintain analytic charge neutrality. Hence, the pit growth 
becomes self-sustaining due to the development of the aggressive anolyte in the pit.  
2.2.1.4 Pit Propagation (stable Pitting) 
The pit propagation is the stage where the development of some of the initiated pit 
occurs and, in particular, where its rate of growth increases [23, 25, 44].  Caines et al. 
[25] defined this as the stage where pits grow and have the potential to increase beyond 
wall thickness, thereby leading to leaks [25].  They also reported that certain conditions 
must be met for pits to propagate:   
• Epit must be exceeded and remain above ER (repassivation potential) 
• An aggressive ion must be present 
• Localized breakdown of passive or applied film. 
 
Melchers et al. [23] reported that the precise mechanics of pit propagation is not fully 
understood; however it is known that highly acidic conditions (i.e. low pH) is associated 
for pit to be propagated [23].  Angal et al. [45] described pit growth in the marine 
environment as an autocatalytic process [45].   Fe2+ ions attract negative Cl- ions and, 
through the hydrolysis, creates a porous Fe(OH)2  cap over the pit. This process creates 
a self-propagating system where the increased acidity in the pit cavity increases 
corrosion of the steel walls of the pit [25, 45].  Some researchers [18, 22, 40, 44, 46] 
reported that pit propagates at a rate that depends on material compositions, pit 
electrolyte concentration, and pit-bottom potential. It was suggested that, in order to 
understand pit growth and stability, it is essential to ascertain the rate-determining 
factors such as electrochemical reactions which include charge-transfer process, ohmic 
effects, mass transport and the combinations of these factors. Smialowska et al. [17] 
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explained how the pit growth at low potential (i.e. below the range of limiting current 
densities) is controlled by a combination of ohmic, charge transfer, and concentration 
over potential factors [17, 23].  They suggested that pit growth is nonlinear at higher 
chloride ion concentration. Additionally, nonlinear growth of the high chloride 
concentration tn with n in the range of 0.33 to 0.5 has been suggested by Melchers et al. 
[23], Smailowska et al. [17] and Abood et al. [22].  
2.3 Mechanism of Pitting Corrosion 
Pits almost always initiate due to chemical or physical heterogeneity at the surface such as 
inclusions, second phase particles, solute-segregated grain boundaries, flaws, mechanical 
damage, or dislocations [17]. Most engineering alloys have many or all such defects and a 
pit tends to form at the most susceptible sites first. For example, pits in stainless steels are 
often associated with manganese sulphide (MnS) inclusions which are found in most 
commercial steels. The role of MnS inclusions in promoting the breakdown and localized 
corrosion of stainless steels has been recognized for some time [14, 17, 18].  Abood et 
al.[22] acknowledge that the pitting corrosion caused by passive film breakdown only 
occurs in the presence of aggressive anionic species, and that chloride ion is usually the 
cause. The severity of the pitting tends to vary with the amount of chloride concentration. 
The reason for the aggressiveness of chloride has been considered for some time and a 
number of investigations and examinations were carried out in marine and offshore 
installations [18].  Chloride is an anion of a strong acid and many metal cations exhibit 
considerable solubility in chloride solutions. Hence, the presence of the oxidizing agent 
(oxide) in a chloride-containing environment is extremely damaging and it can further 
enhance localized corrosion [36].  Szklarska et al. [17] presented an experiment by 
means of ASTM G48, which is a common procedure when testing pitting corrosion, 
with the specimens immersed in 6% of .  The results showed that the increase in 
potential associated with oxidizing agents enhances the likelihood of pitting corrosion 
[17, 18, 22].  Refer to Equation 1.1:    
                             (1.1) 
Pitting corrosion normally starts with chloride rapidly penetrating the protective oxide 
film which covers the metal surface. These points act as initiation sites for pitting 
3FeCl
2 + +
2Me +2H O Me(OH) +H→
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corrosion [23, 36].  Selective dissolution is another way that pitting corrosion can 
initiate and this occurs when one of the components dissolves faster than other 
components [17]. 
Abood et al. [22] considered pitting to be autocatalytic in nature; once a pit starts to 
grow, the local conditions are altered such that further pit growth is promoted. Figure 
2-5 shows that the anodic and cathodic electrochemical reactions that comprise 
corrosion separate spatially during pitting. The local pit environment becomes depleted 
in cathodic reactant (e.g. oxygen) which shifts most of the cathodic reaction to the 
surface outside of the pit cavity.  Refer to Equation 1.2: 
                (1.2) 
 
Figure 2-5. Autocatalytic process occurring in a corrosion pit (adapted from Abood et 
al [22] 
In Figure 2-5 the metal, M, is being pitted by an aerated NaCl solution. Rapid 
dissolution occurs in the pit while oxygen reduction takes place on the adjacent metal 
surfaces.  
The pitting phenomenon can be summarized as the local pit environment depleted in 
the cathodic reactant, such as dissolved oxygen, and enriched in metal cation including 
anionic species. This acidic chloride environment is aggressive to most metals and tends 
to prevent repassivation, thereby promoting continued propagation of the pit. It was 
- -
2 2O +2H O+4e 4OH→
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suggested that removal of oxidizing agents, e.g. removal of dissolved oxygen, is one 
powerful approach for reducing susceptibility to localized corrosion [17, 18, 22].  
A number of researchers [18, 22, 23, 30, 43, 44, 47] have studied the local chemistries 
that form in pits using a range of techniques. Wong et al. [44] described a way to isolate 
the pit solution by rapid freezing of the electrode in liquid nitrogen, removal of the 
surface excess, and subsequent thawing [18, 44]. This approach is mainly used to study 
the pH in Aluminium pits and the chloride concentration in pits for stainless steel. 
Likewise, Frankel et al. [18] considered a way to isolate the pit solution by using 
artificial pit electrode methods. This is also known as one dimensional pit, or lead–in-
pencil electrode, which is a wire imbedded in an insulator such as epoxy [18]. This 
technique allows a considerable volume of pit electrolyte to be analysed [44].  Another 
way to isolate the pit solution is by inserting microelectrodes into pits, cracks and 
cervices [18].  With this technique, once the local solution composition is fully 
characterized, it is possible to reassemble the local environment by reconstituting it in 
bulk form from reagent grade chemicals, and then determining the electrochemical 
behaviour of a normal-sized sample extracted from a local environment.  
Frankel et al.[18] also studied the electrochemistry of pitting corrosion and have found 
that different characteristics potentials exist within pitting corrosion [18].  It was found 
that metastable pit formation can occur below the , however this cannot be seen as 
initiation points of pitting [17, 18, 41].  Metastable pits are those pits that initiate and 
grow for a limited period before repassivating. Materials exhibiting higher value of 
pitting potential  and repassivating potential  are more resistant to pitting 
corrosion therefore cyclic polarization experiments are generally used to measure the 
pitting resistance of metals [18].  The value of  can be used to determine under 
what conditions pitting corrosion occurs [17, 41]. 
The environment (chemistry) and the material (metallurgy) factors determine whether 
an existing pit can be repassivated or not [31].  Sufficient supply of oxygen to the 
reaction site may enhance the formation of oxide at the pitting site and thus repassivate 
or heal the damage to the passive film. An existing pit can also be repassivated if the 
material contains a sufficient amount of alloying elements such as Cr, Mo, Ti, W, N, 
pitE
( )pitE e( )r pE
pitE
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etc. [48].  Amongst these elements, Mo can significantly enhance the enrichment of Cr 
in the oxide and thus repassivate the pit. A detailed analysis of the influence of pit 
chemistry on pit growth and stability has been provided by Galvele et al. [43].  The 
concentration of various ionic species at the bottom of modelled one-dimensional pit 
geometry is discussed by many researchers [18, 22, 41, 43].  The concentration of 
various ionic species is determined as a function of current density based on a material 
balance that considered generation of cations by dissolution, outward diffusion, and 
thermodynamic equilibrium of various reactions such as cation hydrolysis  [18]  (refer 
to equation 1).  Galvele et al. [43] found that a critical value of the factor x.i, (where x 
is pit depth and i is current density), correspond to a critical pit acidification for 
sustained pit growth [18].  Current density in a pit is a measure of the corrosion rate 
within the pit and thus a measure of the pit penetration rate. The value “x.i” can be used 
to determine the current density required to initiate pitting at a defect of a given size 
[22]. Increasing the pit density increases the ionic concentration in the pit solution, often 
reaching supersaturation conditions. Frankel et al.[18] demonstrated an example of a 
solid salt film that may form on the pit surface. When the solid salt film is formed on 
the pit surface, the ionic concentration drops to the saturation value and the pit growth 
rate is limited by mass transport out of the pit [18, 22, 44].  
Although many researchers claimed that salt films are required for pit stability, Frankel 
et al. [18] disagreed. These authors suggest that salt films will only enhance stability by 
providing a buffer of ionic species that can dissolve into the pit to reconcentrate the 
environment in the event of failures such as the sudden loss of a protective pit cover 
[18, 22].  The shape of the pit varies on the environmental conditions, and on whether 
the pit contains a salt film or not. Abood et al. [22] and Frankel et al. [18] both agreed 
that, under mass-transport-limited growth, pits can be hemispherical with polished 
surfaces. In the absence of a salt film, pits can be crystallographically etched or 
irregularly shaped [18, 22]. 
2.4 Characteristics of Pitting Corrosion 
In 1984, Zaya et al. [30] reported the following characteristics of metal that should be 
studied to characterise the pitting corrosion:  
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• Existence of a threshold value of the anodic potential below which pitting does 
not occur in the given electrolyte system or the potential of the metal must 
exceed a certain threshold [30]. 
• Some aggressive anion must be present. These ions correspond to strong acids 
and they tend to form complex and very soluble salts with the metal they attack 
[49]. 
• Some other ions inhibit the effect of the aggressive ions as pitting agents. The 
relationship between the potential necessary for pitting and the concentration of 
aggressive and inhibiting ions is given in Equation 1.3 [17, 30]. 
                                                             (1.3) 
• The delay (induction time), between the fulfilment of the necessary conditions 
for pitting, and the detection of the first pit, is due to the detection not taking 
place until the pit has reached stage 3  (Figure 2-2) [30].     
• The corrosive attack is highly localized on the surface but otherwise still passive. 
The precise location of a pit is unpredictable but the probability of occurrence 
is higher at grain boundaries, inclusions and other surface discontinuities [30, 
50]. 
• Inside the pit the aggressive ions reach concentrations much higher than in the 
bulk of the solution. This is accompanied by changes in the concentration of the 
other components of the solutions - usually a drop in the pH [30, 44].  
 
 These properties were selected after extensive observation of pitting in 
combinations of several metal-solutions [17, 30]. 
 
2.4.1 Passive Films 
It is generally acknowledged that the susceptibility of metals, and the rate at which the 
corrosion processes take place, are closely related to the quality of the passive film 
which normally occurs on the metal surface [17]. Many researchers have studied 
susceptibility of metals for many years. Amongst these, Smialowska [17] and Melchers 
[23, 51-53] applied both theoretical and experimental knowledge to estimate the 
susceptibility of metals for pit to initiate in marine and offshore structures. Smialowska 
0 .log[ .] .log[ .]E E a Agg b Inh= − +
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et al. [17] described different ways to estimate the susceptibility of the metal alloy to 
pitting:  
• Determination of characteristic pitting potential  
• Determinations of a critical temperature of pitting  
• Measurement of the number of pits per unit area, weight loss and, if possible, 
the size and depth of pits formed in a suitable standard solution  
• Determination of the lowest concentration of chloride ions causing pitting [17]   
Although the nature of the passive films is not fully understood, many researchers 
acknowledge that pitting susceptibility is related to local imperfections or 
discontinuities [23, 41, 54].  Smialowska et al.[17] listed the following understanding 
on the formation of weak spots in passive film [17, 23]: 
• Boundaries between the metal matrix and non-metallic inclusions where 
differences exist in the coefficient of thermal expansion, causing either cracking 
or localised compression zones.  
• Boundaries between the metal matrix and second phase precipitates, as these 
often have the ability to draw from the alloy some components responsible for 
the passive state (e.g. Cr impoverishment of Cr-Ni stainless steels as a result of 
chromium carbide formation). 
• Inclusions of greater chemical reactivity than that of the alloy or metal itself. 
 
In addition to non-metallic inclusions, the following features can create weak spots in 
the passive films: 
• Grain boundaries at which some impurities segregate (i.e. not purely physical 
defects) 
• Flaws 
• Various kinds of mechanical damage 
• Three phases of metal (solid, liquid and gas) 
• Exit point of dislocations. 
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 Melchers et al. [23] and Smialowska et al. [17] propose various ways in which the 
susceptibility of an existing structural materials to pitting can be assessed under 
experimental conditions [23]. Among these, measuring susceptibility to pitting by using 
pitting potential and/or by temperature is commonly used ways and is discussed in the 
following sections.    
2.4.1.1 Measuring Susceptibility of Pitting Potential 
Electrochemical studies of pitting corrosion reported that pitting potential is related to 
the electrochemical process associated to corrosion [18, 23]. When the electronic 
potential is measured for a given metal electrolyte system, it was observed that there 
exists a threshold value of the anodic potential below which pitting does not occur [23].  
Smialowska et al. [17] discussed various electrochemical methods used to determine 
characteristics pitting potentials and a detailed description is available [17].  Different 
methodology used to determine characteristics pitting potentials are:  
• Measurements of the anodic polarization curve using a potentiostatic device [55]     
• Measurements of the anodic polarization curve by galvanostatic methods [56]  
• Measurements of current density vs. time at constant potential [57]  
• Measurements of potential vs. time at constant current [58] 
• Repassivation time methods (Scratch Methods) [17] 
• The pit propagation rate test [59] 
• The critical pitting temperature test [60] 
• The scanning reference electrode technique [61].  
Malik et al. [58] used these methods to conduct electrochemical tests to investigate the 
pitting corrosion behaviour of AISI 316L in Arabian Gulf Sea water and reported that 
the pitting potentials vary for the same materials under identical conditions depending 
upon the methods used [58]. 
2.4.1.2 Measuring Susceptibility of Pitting using Temperature 
According to DNV-RP-G101 [62], temperature is the main reason for pitting corrosion 
attack on offshore steel structures [62]. The reported experimental work on temperature 
often focused on finding the critical pitting temperature (CPT) which is defined as the 
24 
 
lowest possible temperature where pitting occurs [41].  Moayed et al. [54] defines CPT 
as “ the lowest temperature at which the growth of stable pits is possible” [54].  ASTM 
G 150 is a standard test method for electrochemical CPT testing of stainless steel.  
 Several authors [18, 23, 25, 41] reported that, with an increase in temperature, the Epit 
decreases and the damage caused by corrosion increases.  Melchers et al. [23] reported 
that, for Carbon Steel, it appears that the passive film becomes less protective with 
higher temperature and that this is related to the behaviour of chloride ions [23].  Wika 
et al. [41] found that the increasing temperature causes higher current transients and 
promotes the conversion of metastable pits into stable growing pits [41].  Bohni et al. 
[60] carried out electrochemical studies in micro and large scale - both in chloride free 
and in chloride solutions. In chloride free solutions, the increase in temperature caused 
an increase in dissolution of MnS inclusions, while in a chloride environment the 
growth of pits increases [60]. 
2.5 Factors Affecting Pitting corrosion in Marine and Offshore Steel 
Structures 
Steel alloys are used in numerous and diverse applications in marine and offshore 
industries [50].  Stainless steel grade 316 alloys are commonly used in offshore 
applications because of their corrosion resistant nature. It is regarded as safe for design 
life when choosing a material in an aggressive environment [2, 50, 63, 64].  
Nevertheless,  even though these alloys offer a better resistance to general corrosion, 
they are still susceptible to pitting corrosion [65]. The most common causes of failure 
of stainless steel in marine environments is pitting corrosion because the material can 
quickly be penetrated despite that its general corrosion rate is very low [58].  
Several findings on pitting corrosion of steel alloys, accomplished by using numerical 
and experimental techniques, have been published by different investigators. Salh et al. 
[66] studied the pitting corrosion of carbon steel in sodium molybdite solution. They 
found that the sodium molybdite is a good pitting inhibitor in solutions of moderate and 
low concentration of chloride, and that the corrosion potentials shifted to more positive 
value in the presence of molybdite [22, 66].  Malik et al. [58] investigated the pitting 
behaviour of 316L stainless steel in Arabian Gulf seawater. The immersion test and 
electrochemical techniques were utilized to study different factors affecting the pitting 
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corrosion [58]. Similarly, Melchers et al. [10] investigated the corrosion wastage in aged 
offshore structural steels. They summarized the progress in the development of the 
mathematical models for corrosion loss and maximum pit depth under in-situ conditions 
of steel as a function of time[67].  Several published materials [4, 68-72] are widely 
available. 
The phenomenological factors which influence pitting corrosion in marine and offshore 
environments are generally similar to those of uniform corrosion. The influence of these 
factors differ depending on the types of marine environments, such as atmospheric, 
splash zone, tidal zone and shallow water immersion [23, 39].  The different types of 
exposure can be sub-classified as illustrated in Figure 2-6.  A summary of all the 
possible factors involved in pitting corrosion is given in the Figure 2-7. These factors 
are categorised into four different types: (1) Physical factors (2) Chemical factors (3) 
Biological factors and (4) Metallurgical factors.   
 
Figure 2-6. Classification of environments encountered by pitting corrosion  [73]             
A summary of the different types of exposure in marine environments is shown in Table 
2-1.   Factors which can affect pitting corrosion given in the Figure 2-7 are composed 
from all types of exposure zones.  Attention is not limited to just stainless steel; mild 
steel and low alloy steels are also considered because literature indicates that the 
corrosion behaviour is similar to all [5, 15, 23, 39, 74].   
Table 2-1. Classification of Marine Environments  [10, 23, 39]  
Marine Zone Description of Environments Characteristics of steel corrosion 
behaviour 
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Interior 
Spaces 
High humidity, higher than ambient 
temperature, periodic wetting 
possible. 
Particularly aggressive in areas 
where moisture can accumulate.  
Atmosphere 
Minute salt particles present, 
corrosivity varies with height above 
water, wind direction and velocity, 
dew cycle, rainfall, temperature, 
pollution etc. 
Sheltered surface may deteriorate 
more rapidly than those boldly 
exposed. Corrosion decreases 
rapidly with distance from sea. 
Splash 
Wet, well aerated surface, no 
fouling. 
Most aggressive zone for steel. 
Protective coating is difficult to 
maintain. 
Tidal 
Well oxygenated, marine fouling 
likely to occur, oil coating from 
polluted harbour water may be 
present.  
High attack for steel, however oil 
coating may reduce corrosion 
attack. Some protection on 
continuous steel pile.  
Immersion  
Usually saturated with oxygen. 
Pollution, sediment, fouling, 
velocity etc. have key roles in the 
degree of corrosion. 
Biofouling restricts oxygen supply 
rate to surface, reducing corrosion. 
Protective coatings may be 
effective for limited corrosion 
control. 
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Figure 2-7. Factors affecting pitting corrosion in marine and offshore environments. 
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Table 2-2. Environmental factors as shown in the flowchart Figure 2-7 and its effect on 
the corrosion rate  [1, 23, 39, 75] 
Type           Factor Effect on initial 
state corrosion 
Effect on steady 
state corrosion 
Influenced by 
 
Biological 
Bacteria Little effect Controls rate Seawater temperature 
Biomass   NaCl concentration 
Pollutants Varies Varies Little known about 
Marine 
growth 
Little effect Controls rate Pollutant type/ level 
 
 
 
Chemical 
O2 Directly 
proportional 
None  
pH Little effect Uncertain Little effect at sea 
CO2 Little effect Little effect  
NaCl Inversely 
proportional 
Uncertain Little effect at sea 
Ca Little effect Varies Little known about 
Carbonate 
solubility 
Little effect Little effect  
 
 
 
 
 
Physical 
Temperature Proportional 
>10ºC 
Proportional  Geographical 
locations 
Pressure Uncertain Not none Oxygen effect 
Water 
velocity 
Little effect Uncertain Geographical 
locations 
Suspended 
solids 
Uncertain Uncertain Geographical 
locations 
Surface 
wetting and 
wave action 
Proportional for 
tidal/splash zone 
Proportional Location, weather 
patterns 
Oil in the 
water 
Reduces for tidal 
zone 
Reduces for tidal 
zone 
Industrial 
development/shipping 
 
Environmental factors which influence marine immersion corrosion are shown in the 
Table 2-1. Classification of Marine Environments  [10, 23, 39]. Not all of these factors 
are well understood although some have become clearer through recent investigations 
[75].  The main factors governing pitting corrosion in a marine and offshore 
environment are described in subsequent sections.  
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2.5.1 Physical Factors 
2.5.1.1 Temperature 
Temperature is one of the critical factors in pitting corrosion, because it greatly 
influences the corrosion behaviour of steels in seawater [5, 17, 18, 22, 29, 40, 44, 76, 
77]. Many materials do not pit at a temperature below a certain value which may be 
extremely high and reoccurring [48]. Pitting potential of stainless steel alloy is 
measured in the temperature range of [76].  The majority of chemical and 
electrochemical reactions proceed more rapidly at higher temperature. Therefore it 
might be anticipated that the rate of pitting would increase with increasing temperature 
[17]. Almarshad et al. [48] experimentally studied the effect of temperature on pitting 
by either varying the temperature at a range of fixed applied potentials, or by varying 
the potential for a range of constant temperature experiments. They provided a plot of 
pitting and repassivation potentials for three different stainless steels in 1M NaCl as a 
function of solution temperature [22, 78].  From these experiments it was observed that 
extremely high breakdown potentials occur at low temperature corresponding to 
transpassive dissolution - but not with localized corrosion. However, just above the 
critical pitting temperature (CPT), pitting corrosion occurs at a potential that is far 
below the transpassive breakdown potentials [48].  
 
Figure 2-8. Pitting depth for tidal conditions as a function of annual mean water 
temperature [23]. 
25 90 C−
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Hadfield et al. [79] reported metal losses for ordinary steels over a 5 year exposure. 
Figure 2-8 shows the pitting depth for tidal conditions as a function of annual mean 
temperature for different experimental cities. It can be seen that pitting is inconsistent 
as a function of temperature for tidal conditions, whereas there is an increasing trend of 
pitting with temperature for general corrosion conditions [10, 23, 39]. 
The specimens were despatched to testing stations at Auckland, Colombo, Halifax 
(Canada), and Plymouth. Observations suggest that, despite the differing sea and 
atmospheric conditions, immersion corrosion of carbon steel is very similar when 
comparing all five locations. The effect of temperature on atmospheric corrosion was 
also thoroughly examined and showed that atmospheric corrosion was generally 
consistent with temperature. Melchers et al. [23, 39, 80] stated that the reaction process 
for corrosion becomes faster with higher temperatures after the initial phase, suggesting 
that the corrosion rate increases with increase in temperature. However, in immersion 
conditions, oxygen concentration decreases with increase in temperature while 
biological activity increases with increase in temperature [23, 39, 80]. 
2.5.1.2 pH 
The pH of seawater may vary slightly depending on the photosynthetic activity. Plant 
matter consumes carbon dioxide and affects the pH during daylight hours [1, 81]. The 
carbon dioxide content in seawater (close to the surface) is influenced by the exchange 
with carbon dioxide in the atmosphere [1].  It is reported that the usual daily fluctuations 
of pH (of between 8.0 to 8.2) has little direct effect on corrosion rate. However it can 
be a factor in calcium carbonate deposits which does affect the corrosivity [1, 23].  
Comparable conclusions were made  by Melcher et al. [23].  Chandler et al. [82] did not 
consider pH of seawater to be one of the main physical factors that influences pitting 
corrosion rate on steel [82].  Revie et al. [83] stated that, within the range of pH of about 
4-10, the corrosion rate is independent of pH and depends only on how rapidly oxygen 
diffuses to the metal surface [71, 83]. 
Many experiments were carried out to understand the effect of pH on pitting corrosion 
in marine environments. Malik et al. [76] performed electrochemical tests on metal and 
found that corrosion rate increases with increasing acidity of the solution. They stated 
that corrosion rate increases with rising pH between 4 and 9 [76].  Similarly, Carpen et 
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al. [63]  carried out potentiodynamic experiments with distilled solutions containing 
chlorides. They found that a pH of 3 contributes a little lower pitting potentials than 
solutions of pH 5 with low chloride content. No effect of pH was observed at higher 
chloride content. It was therefore suggested that pH has little effect on pitting potentials 
in chloride solutions and does not much change the susceptibility to pitting corrosion in 
the pH range 3-7 [41, 63].  The effect of pH on the breakdown potential was not 
understood well  [22].  Pistorius et al. [84] found that the breakdown potential (Eb) value 
is almost constant within a large range of pH values [22, 66, 84]. 
2.5.1.3 Salinity 
Seawater Handbook [1] defines salinity as the total weight in grams of solid matter 
dissolved in 1000grams of water [1]. The effect of seawater salinity is conventionally 
considered to be a very important factor with regard to pitting corrosion [85]. The 
composition of seawater for salinity is given in Table 2-3. It can be appreciated that the 
salinity of seawater is composed of about 90% sodium chloride (NaCl). The dissolved 
salt leads to a low resistivity so that the sea water acts as a good electrolyte, thereby 
enabling pitting corrosion [39].  
Table 2-3. Composition of seawater and ionic constituents and total solids in Ocean 
waters  [1] 
Constituent G/kg in 1000 
grams of 
water 
Cations, Precent Anion, Precent Body of water Salinit
y ppm 
Chloride 19.353 Na++ 1.056 Cl- 1.898 Baltic Sea 8,000 
Sodium 10.76 Mg+
+ 
0.127 So4- 0.265 Black Sea 22,000 
Sulphate 2.712 Ca++ 0.040 HCO
3- 
0.014 Atlantic Sea 37,000 
Magnesium 1.294 K+ 0.038 Br- 0.0065 Mediterranea
n Sea 
41,000 
Calcium 0.413 Sr++ 0.001 F- 0.0001 Caspian Sea 13,000 
Potassium 0.387 Total 1.262  2.184 Irish Sea 32,5000 
Bicarbonate 0.142 
Bromide 0.067 
Strontium 0.08 
Boron 0.004 
Fluoride 0.001 
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Variations on salinity in open surface water appears to range from 32000 to 37500 ppm 
(3.2-3.75%) with deep water mean around 35000 ppm (3.5%) [39] .  A great variation 
in salinity is observed in some of the more isolated seas (see Table 2-3) and, because 
the salinity variations are accomplished by other changes, the total effect on the pitting 
corrosion has to be established in each case [1]. 
 
Figure 2-9. Combination of sodium chloride concentration versus the rate of corrosion 
in seawater [86]  
Figure 2-9 shows how the combination of chloride concentration and dissolved oxygen 
concentration results in the maximum pitting corrosion rate. The highest oxygen 
concentration can be achieved at 3.5 weight precents sodium chloride [86].  Melchers 
et al [39] reported that, in immersed conditions, the corrosion rate is expected to 
increase due to higher dissolved oxygen concentration with reducing salinity (Figure 2-
9) [39].  However, some researchers reported that, in the longer term, the pitting 
corrosion rate effect of salinity may be less because the increased oxygen has a greater 
tendency to form protective deposits (scale) or protective biofouling containing calcium 
carbonate [39].  
Some researchers [71, 75, 82, 87] reported that, for sea water conditions, salinity is of 
little practical importance to marine corrosion. This is because corrosion of metals is 
not appreciably affected due to the salinity variations in open-ocean surface water range 
from 32000 to 37500ppm per thousand gram of water [71, 75, 82, 87].  According to 
the experimental work of  Mercer et al. [87], the effect of change in salinity appears to 
be marginal for stainless steel in calm conditions. Chandler et al. [82] also did not 
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consider sea water salinity as one of the main environmental factors that influences 
corrosion rate of steel [82]. 
2.5.1.4 High Velocity of Water 
Many metals are sensitive to velocity effects in seawater [1].  For metals like iron or 
copper, there is a critical velocity beyond which corrosion becomes high. However, for 
steel structures in marine environments, the little effect of water velocity can be ignored 
[88].  Melchers et al [75] reported that, with the possible exception of the effect on 
marine biological growth and the influence of the continuous supply of oxygen, the 
effect of low and moderate water velocity on the rate of corrosion can be ignored [75, 
88].  However  Melchers et al [5] found that water velocity does increase the rate of 
pitting corrosion nonlinearly. They indicated that when corrosion products and/or 
marine growth is disrupted or removed (as through erosion or abrasive action) the effect 
of water velocity on pitting corrosion can be more severe [52, 71]. 
 
  Figure 2-10. Effects of velocity of sea water on the corrosion rate of steel [71] 
 The effect of higher water velocity on marine pitting corrosion should be considered.  
Soares et al. [71] reported that the corrosion of steel by seawater increases as the water 
velocity increases. The effect of water velocity at higher levels is shown in  Figure 2-
10 and illustrates that the rate of corrosion attack is a direct function of the velocity until 
critical velocity is reached [22, 71].  Special forms of corrosion associated with higher 
seawater velocity are:   
• Erosion-corrosion caused by high-velocity silt bearing seawater   
0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1
0 1 2 3 4 5 6 7 8
C
o
rr
o
si
o
n
 r
at
e
 (
m
m
/y
r)
Flow velocity, V (m/s)
34 
 
• Impingement attack - where air bubbles are present     
• Cavitation - where collapsing vapour bubbles cause mechanical damage and 
often corrosion damage as well [1]. 
2.5.1.5 Physical Size 
Pitting corrosion in seawater is influenced by the size of the sample. The pitting 
susceptibility depends on marine environments such as tidal and/or splash zones; 
however, the size of the specimen may alter the rate of pitting corrosion. The effect of 
physical size on marine pitting is not yet fully understood. Melchers et al. [23] 
recommended that consideration be given to the physical size of specimen in order to 
model metal loss and pitting for realistic structures [23, 39].  They also advised that a 
comparative study be performed with the available observations on steel pylons in a 
marine environment and the results from isolated test specimens [23]. 
2.5.1.6 Water Depth (Hydrostatic Pressure) 
The water depth (hydrostatic pressure) is also considered to be a factor that increases 
the rate of pitting corrosion in marine environments. The effect of depth of exposure in 
seawater on the average corrosion rate of steels has been studied by some researchers 
[63, 74, 89-92].  Melchers et al. [74] studied the corrosion rate for mild steel coupons 
exposed at variable immersion depths and at various geographical locations. Analysis 
of the data showed that there is not an obvious effect of water depth on short-term 
corrosion behaviour. Nevertheless, oxygen concentration and water temperature are 
important parameters influencing weight loss as a function of time in different 
immersion depths. The effects of immersion depth for long-term corrosion behaviour 
may not be limited to just these parameters however, as it will also be governed by 
anaerobic conditions [39, 74, 93]. 
Saleh et al. [94] conducted a laboratory test to evaluate the effect of seawater level on 
the corrosion behaviour of different alloys [94]. Specimens were fixed at three locations, 
namely: above sea water surface, semi-submerged in seawater and fully submerged in 
seawater. The experimental results show that, in a splash zone, the stainless steel usually 
has satisfactory performance but that the carbon and low alloy steels do not. The 
stainless steels are susceptible to pitting corrosion in the submerged zone because of 
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factors such as oxygen concentration, biological activities, pollution, temperature, 
salinity and velocity. Similarly the pitting corrosion rate for 316L stainless steel is 
higher above the water level than when compared to submerged conditions. This is due 
to the higher oxygen concentration above the seawater. However it is just the opposite 
for 304 stainless steel; the pitting density and pit depth resulted in an increased rate of 
corrosion for this alloy when in a submerged location. Conversely from these 
experiments, it was found that the pitting corrosion rate of metals at semi-submerged 
conditions is higher than for submerged and atmospheric conditions [94, 95]. 
2.5.1.7 Atmospheric Effects 
In atmospheric conditions, the intensity of the corrosive attack is influenced greatly by 
the amount of salt particles or mist which collects on the metal surface [96]. Salt 
deposition varies with wind and wave conditions, the height above sea level, and 
exposure etc. [1].  Schumacher et al. [1] reported that several other factors which affect 
the atmospheric corrosion behaviour in marine environments can include solar radiation, 
the amount of rainfall and fungi. 
Melchers et al. [23, 39] reported that macro biological activity is basically absent in 
atmospheric corrosion, but that it may have some influence. Additionally, the air 
temperature and exposure will have a direct influence on rate of corrosion [23, 39].  
Newton et al. [97] conducted an experiment to investigate the variation of atmospheric 
corrosion as a function of length of exposure in various locations. They reported 
difficulties in drawing conclusions because of the variation in several factors like 
exposure, humidity and distance from the sea. Additionally, there were significant 
differences in air temperature and annual rainfall [23, 39, 97].   
2.5.1.8 Water Current & Tidal conditions 
Water current may have an effect on marine biological growth through the provision of 
an adequate rate of food supply. It also has an influence on the continuous supply of 
oxygen [1, 39].  Lewis et al. [98] reported that the effect of water current is difficult to 
quantify as it doesn’t have a direct effect on pitting corrosion; however it can be a 
subsidiary factor for pit initiation. For example, it may increase the marine biological 
growth by dissolving the impurities in the ocean which could then lead to pit growth 
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[39, 98].  Melchers et al. [23] suggested that the effect of low to moderate water currents 
on the rate of pitting corrosion can be ignored [23]. 
The pitting susceptibility is higher in the tidal zone compared to  pitting susceptibility 
in a fully immersed zone [39, 99].  Melchers et al. [39] gathered experimental 
observations and data, performed in  cities such as Halifax, Colombo, Panama, 
Auckland, and Plymouth, which investigated the extent of corrosion loss as a function 
of length of immersion exposure [39, 99].   The plot for pitting depth in tidal conditions 
as a function of annual mean temperature for different experimental cities is shown in 
Figure 2-8.  
2.5.1.9 Surface Wetting 
The degree and continuity of surface wetting is particularly important for atmospheric, 
splash and tidal zone corrosion. The surface wetting depends on the location of the  
structural specimen relative to the sea water [39, 100].  In the tidal and splash zone, 
wetting may be controlled by the local tidal range and climatic conditions such as water, 
air and temperature. The effect of surface wetting is still not fully understood but the 
pitting due to surface wetting is believed to be minimal. Melchers et al. stated that no 
general rule exists to describe functional relationships between surface wetting and 
climatic conditions [23, 39, 100]. 
2.5.1.10 Initiation Time 
 Initiation time is often called induction time and pertains to the elapsed time before 
pitting corrosion begins [9].  Schumacher et al.[1, 76] described an experiment 
conducted in different stainless steels at  which were immersed in chloride 
solutions under open circuit potential measurements [1, 41, 76].   It was found that 
pitting potential could be presented as a linear function of initiation time, ti , where A 
and B are constants that depend on temperature.  Refer Equation 1.4):   
               (1.4) 
Malik et al.[101] conducted electrochemical measurements of the open circuit potential 
and found that the logarithm of the induction time decreases linearly with increasing 
50 C
.log( )pit iE A B t= +
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chloride contained and at increasing temperatures. These test temperatures were 
conducted at 30, 50 and  [101]. 
2.5.2 Chemical Factors 
2.5.2.1 High Chloride Ion Concentration 
The presence of certain aggressive anions, such as chloride concentration (Cl-), can 
migrate to the active corroding area and stabilize pitting corrosion [102]. The influence 
of Cl- on the susceptibility to pitting corrosion has been studied in numerous metals and 
alloys and particularly in stainless steel. Pardo et al. [102] stated that the presence of 
alloyed elements, such as Cr, Mo, and N, improve the resistance to localized corrosion 
of the stainless steel. However, the presence of chloride ions can easily penetrate the 
film due to its high diffusivity [41, 102].  Frankel et al. [18] explained that pitting 
corrosion will only occur in the presence of aggressive anionic species, which are 
usually chloride ions, and that the severity of pitting corrosion tends to vary with the 
logarithm of the bulk chloride concentration [18]. 
Figure 2-4 shows the curves plotted for two different chloride concentrations. It can be 
seen that Epit increases with decreasing chloride content. Many researchers [18, 101, 
103, 104]  have published studies describing the relationship between Epit and the 
chloride content. Different polarization measurements [18, 101, 103, 104] demonstrated 
that the pitting potential was a linear function of the logarithm of the chloride 
concentration. High alloyed stainless steels are less affected by increasing chloride 
content, and therefore Epit changes only slightly for these alloys. [41]. 
2.5.2.2 Dissolved Oxygen 
Dissolved oxygen content is a major factor affecting the corrosivity of seawater. For 
many common metals, a higher oxygen content is accomplished commensurate to the 
increase in the rate of pitting attack [1].  The corrosion rate of local anodes is dependent 
on the cathode reaction and, therefore, depolarization is more rapid with the increase of 
oxygen at the cathode. The depolarization is a function of the amount of dissolved 
oxygen in the seawater and the velocity of flow at the surface [22, 29].       
80 C
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Various authors commented that there is a good correlation between dissolved oxygen 
and corrosion mass loss [18, 58, 71, 105].  Melchers et al. [52] stated that the corrosion 
rate usually has a linear relationship with the concentration of dissolved oxygen [52, 
71].  They further stated that the dissolved oxygen levels in open ocean conditions 
reduce with depth around 5-7 ml/l at surface, mainly as a result of increased pressure 
[23, 39].  Hence, the oxygen concentration is critical in the immersion corrosion process 
during the early stage of seawater corrosion [23, 39].   Schumacher et al. [1] mentioned 
that the oxygen level in seawater may range up to 12ppm. The factors that increase 
seawater oxygen could be photosynthesis of green plants and wave action etc. 
Conversely, the biological oxygen demand of decomposing dead organisms will reduce 
seawater oxygen level [1, 23].  Regional variation exists in surface water temperature; 
hence, salinity and locally mixed conditions occur due to the regional variations of 
oxygen level [39].  
 In waters containing high salt concentration, corrosion is proportional to the amount of 
oxygen dissolved in the water. If the salt concentration in the water increases, then the 
solubility of oxygen decreases and, consequently, the corrosion rate is reduced [92]. 
Therefore, oxygen dissolved in water is probably the most troublesome corrosion-
producing substance. An exception to this statement is metals which depend on a 
passive film for corrosion protection. Nevertheless, stainless steel often corrodes rapidly 
where the oxygen supply to the metal is restricted [1, 39, 50].   
2.5.2.3 Carbon Dioxide 
The dissolved carbon dioxide in seawater produces carbonic acid and, after ionisation, 
it forms bicarbonate and carbonate ions[39].  Few effects of carbon dioxide are known 
for pit initiation in marine steel structures. However, Melchers et al. [39] did report that 
the presence of undissolved boric acid in oppositely charged ions such as carbon dioxide 
may  provide a constant and fairly high pH level [1, 39].  
2.5.2.4 Effects of Halogens Ions 
 Pitting corrosion can be caused by different halide anions [22].  The anodic process 
associated with metal passivation is strongly affected by the presence of halide ions in 
the electrolyte. With large concentration of halide ions the passive film on a metal is 
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susceptible to pitting and also suffers local damage; however, low concentration 
produces only an increase of anodic current in the passivity range [17].  Smialowska et 
al [17] described chloride as the most aggressive anions to produce pitting in several 
metals [17, 22].  The three main reasons for the specific effect of chloride ions is 
explained by Abood et al. [17, 22] as: 
• Its ability to increase the activity of hydrogen ions in the pit electrolyte 
• Ability to form complexes with cations and hydroxide  
• Its ability to form a salt layer at low pH at the bottom of the pit. 
2.5.3 Biological Factors 
2.5.3.1 Bacterial 
The corrosion of metals by sulphate–reducing bacteria (SRB) is well recognized as one 
of the factors that increase rate of pitting corrosion in marine environments [106].  
Recent studies show that the hydrogen sulphide produced by these organisms can have 
a serious effect on mechanical failure processes by increasing a metal’s susceptibility 
to corrosion - especially pitting corrosion [106].  Thomas et al.[106] stated that the 
effect of bacteria is particularly important for offshore structures; here it is envisaged 
that the combination of bacteria activity under marine fouling conditions, wave loading 
and an aggressive environment can result in the premature failure of metal components 
by pitting corrosion fatigue [106]. 
 Melchers et al. [39] explained that bacteria is most commonly associated with marine 
corrosion of steel.  Desulfovibrio is one of the most common; it is a genus of gram 
negative sulphate reducing bacteria. When this bacteria attached to the surface of a 
metal with other bacteria, they may not grow when there is a presence of oxygen [23, 
39].  However Melchers et al. [23, 39] reported that, where anaerobic conditions are 
more conducive, they can grow well in the temperature range of 25ºC- 44 ºC and with 
pH ranging from 5.5 to 9.0 [39]. 
2.5.3.2 Fouling 
Marine fouling in offshore structures can have serious consequences on their integrity, 
enhancing both the corrosion and stress components of corrosion fatigue [106].  Fouling 
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is commonly considered to be growth beyond the bacterial stage. Algal growth may 
include seaweeds, coral, aurelias, barnacles, mussels etc.  Melchers et al.[39] reported 
that common fouling can tolerate a range of temperature and light intensities, with 
growth most productive in the range of 15ºC- 20ºC [75].     
2.5.3.3 Marine Growths 
Marine growth can affect the rate of pitting corrosion in immersion conditions [98]. 
Although the amount of marine growth varies considerably from location to location, it 
does not have an initial effect for short term immersion corrosion. It also appears that 
an initial effect is not reflected in fouling growth [23, 98].  Melchers et al.[23, 39, 98] 
reported that, despite local and regional geographical differences, the overall fouling 
pattern is somewhat similar. Moreover, the presence of local warm currents with 
adequate food supply appears to be the major factors for marine growth. It was also 
assumed that marine growth may be affected adversely by high currents and suspended 
solids [23, 39, 98].  
2.5.3.4 Pollutants 
Water pollution, particularly in harbours, may result in the increase of corrosion rate. 
Under these conditions the water may be more aggressive because of the greater 
concentration of ammonia or sulphide which is also combined with lower oxygen levels 
[107].  Due to the pollutants, water is less able to support marine growth of protective 
bacteria and bio fouling [23, 71].  Harbours and coastal regions may be susceptible to 
nutrient pollution from sewage or agriculture run-off. Offshore oilfields are also known 
to provide sources of nutrient pollution [23, 71].  Schiffrin et al. [23, 107] reported the 
effect of nutrient-based pollution on the corrosion of mild steel coupons. It was found 
that pollutants like oils and grease lower the corrosion rate due to their inhibiting the 
rate of oxygen transfer for the oxidation process. The effects of pollutants for marine 
pitting corrosion is not fully understood; however, for coastal and harbour areas, the 
effect of pollutants for pitting corrosion is expected to be higher than that for uniform 
corrosion [10, 23, 39, 107].   
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2.5.4 Metallurgical Factors 
2.5.4.1 Alloy composition 
The effect of alloy composition acts on the tendency for an alloy to initiate pit and also 
affects rate of corrosion [17].  This influence appears to be related to the quality of the 
magnetite layers found on the surface of steel and appears to be a function of the 
alloying elements [39].  Schultze et al.[108] provided a summary of the effect of steel 
composition on corrosion loss. It was reported that a particular alloy may have a 
favourable effect in corrosion resistance under some exposure conditions but have an 
unfavourable effect on others [39, 108]. 
Table 2-4. Effects of alloying elements on corrosion resistance of steels [39, 108]  
Alloy 
 
Immersion Zone Tidal Zone 
Aluminium Not conclusive, but perhaps beneficial long term effect Not conclusive, 
but perhaps 
beneficial long 
term effect 
Chromium Favourable initially (<5 years) therefore undesirable 
Copper Probably detrimental long term - 
Manganese Slight beneficial effect Probably 
detrimental 
Molybdenum Unfavourable short-term, however favourable long 
term  
- 
Nickel Little effect Beneficial effect 
Phosphorus Very detrimental long term, low concentration in 
steels 
- 
Silicon Not important  
Sulphur May be detrimental even in small quantities  
 
Table 2-4 summaries the main effects of alloying elements.  The influence of steel 
composition on pitting corrosion susceptibility and uniform corrosion susceptibility is 
similar in marine corrosion. However, the pitting resistance of low alloy steel may be 
less than that of carbon steel [23].  
Ting et al. [109] reported that the small changes (say <0.5%) in the alloying elements 
used in steel composition should have zero or negligible effect on the degree of 
corrosion that occurs while oxygen diffusion controls the corrosion process [109].  More 
specialized steel with larger alloy compositions will have a lower initial rate of 
corrosion.  This is  particularly so for alloying elements such as chromium, molybdenum 
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and aluminium and, to a lesser extent, for nickel, silicon, titanium and vanadium [53, 
109].  Smialowska et al. [17] studied the effect of small increases in molybdenum in 
steel composition and it was found that only a small increase can greatly reduce pitting 
corrosion susceptibility. In addition to this, a small increase in elements such as nitrogen 
and tungsten also have a strong influence on the pitting resistance of stainless steels [17, 
22].  
2.5.4.2 Steel Types 
Steels differ in their relative corrosivity under different conditions. ASTM [89] and 
Melchers et al. [39] categorised steels as: 1] ordinary steels, such as mild steel, 2] low 
alloy steels, or high strength steels and 3] stainless or chromium steels [39, 89].  
Stainless steels are obtained by the addition of chromium (around 3%) to steel. This 
alloy is usually used for applications in marine atmospheric conditions for maintaining 
the passivity protective surface film.  Melchers et al. [39] stated that, when local 
perforation of the stainless steel passive film occurs, active passive cells are formed and 
heavy local corrosion such as pitting occurs.  For immersed conditions, the addition of 
chromium to stainless steel is beneficial for short term exposure (a few years); however, 
it is not agreed if this is also the case for long term exposure. The resistance to corrosion 
of low alloy steels may range from two to ten times that of ordinary carbon steel. This 
is because, due to the formation of basic salts on the surface, low alloy steels form a 
tighter rust coating at a faster rate than that of coronary carbon steels. [39, 80, 110]. 
2.5.4.3 Surface Conditions & Surface Roughness 
The state of the metal surface is known to affect pitting susceptibility [17, 29]. The more 
homogenous the surface is, both chemically and physically, the higher is the potential 
for pitting.  Consequently the number of pit is expected to be lower and metal resistance 
to pitting will increase [17, 22, 58].  Surface roughness is caused by local ‘weak’ points 
in the protective oxide film where a critical Cl- concentration can attend, or by 
homogeneities resulting from surface preparation; either can increase the number of 
active sites for pit nucleation [17].  Isaacs et al. [64] studied the effect of exposure time 
on active pit propagation on AISI 304 stainless steel in 0.4M FeCl3 solution of pH 0.9, 
using a scanning reference electrode to measure the number of active pits. Both the 
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number of active pits and the rate at which their growth was decreased (because of 
passivation) depended on the steel surface treatment [17, 64]. 
The roughness of a material’s surface depends on the surface preparation. This 
preparation is done to ensure proper adhesion of the coating. The coating is used to 
protect the materials from the environment by making a smoother surface and, thereby, 
reducing the possibility of localized corrosion occurring [41]. Moayed et al. [54] 
reported, and it is well established, that at temperature above the CPT, the pitting 
potentials tend to decrease as the sample surface roughness increases. The surface 
roughness offers advantages to change the characteristic of sites for pit initiation. Pits 
initiate at specific sites on the surface and a rougher surface generally provides the site 
with more passage geometry [17, 41, 54].  Moayed et al. [54, 111] studied the 
relationship between CPT and surface roughness. They found that, with an increase in 
surface roughness, the CPT decreases and standard deviation of the test result increases.  
The higher chance of stable pitting in rough surfaces is attributed to the longer length 
of diffusion and larger micro-crevices surrounding the inclusions [54, 111].  Manning 
et al. [112] established a similar correlation on the effect of surface roughness on pitting 
potential for single-phase and duplex stainless steel.  
2.5.4.4 Protective Coating 
Protective coating systems, also known as anticorrosive coating, is one of the methods 
developed to protect external surfaces against corrosion [41].  The protective coating 
systems is highly recommended by classifications society rules such as DNV-RP-G101 
[113] and NORSOK M-501 [114].  Protective coatings are critical for marine structures 
mainly because the environment is very aggressive and corrosive [62, 73, 114].  Marine 
structures require applications consisting of primer, one or several intermediate coats, 
and a topcoat. The function of the primer is to protect the substrate from corrosion and 
to ensure good adhesion to the substrate [73]. 
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Figure 2-11. Factors affecting the durability of an anticorrosive coating system [73] 
Figure 2-11 shows the factors that affect the durability of an anticorrosive coating 
system [73].  Sorensen et al. [73] stated that the coating provides the required colour 
and gloss for surfaces exposed to external marine environment. The protective coating 
should have a high resistance to ultraviolet radiation [73] as well as adequate resistance 
to altering weather conditions and impact from objects. Bayer et al.[115] reported that 
environmental degradation caused by moisture, temperature and ultraviolet radiation 
will reduce the lifetime of the coating. These authors reported six primary causes of the 
majority of paint and coating-related failures:  1] Improper surface preparation, 2] 
Improper coating selection, 3] Improper application, 4]  Improper drying, curing and 
over-coating times, 5]  Lack of protection against water and aqueous systems, and 6]  
Mechanical damage [115]. 
2.5.4.5 Mill Scale 
The presence of mill scale on structure’s appears to lead to greater pitting corrosion [39]. 
The effect appears to be most significant for atmospheric corrosion and less for tidal 
and immersed corrosion conditions. Melchers et al. [39] stated that the intensification 
of rate of pitting attack caused by mill scale is thought to occur due to electrochemical 
action between the mill scale and the undecorated metal. Generally, mill scale tends to 
protect the metal underneath, except at cracks. At these points the scale becomes anodic 
and, because of the relatively large cathodic area, the rate of attack caused by 
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electrochemical action between mill scale and the bare metal at local anodes is  
instantaneous [23, 39].  
2.5.4.6 Effect of PREN Value 
Pitting Resistance Equivalent (PREN) is the capacity of an alloy to resist pitting. A 
higher potential is needed to initiate pitting in alloys with large PREN values than with 
alloys which have low values [41, 76].  PREN is represented by the Equation 1.6: 
                (1.6) 
 PREN is mentioned in several studies when assessing whether an alloy can resist pitting 
corrosion  [18, 22, 25, 35, 41, 76, 116, 117].   Lorentz et al. [118] initially established a 
good correlation between the pitting potential of a wide range of stainless steels. It was 
found that the sum of %Cr+3.3×(%Mo), indicating molybdenum additions, were three 
times more effective than chromium additions in increasing pitting resistance [117, 118].  
Malik et al. [76] reported that, PREN >38 conditions should be satisfied to provide 
pitting corrosion resistance to seawater-immersed conditions [41, 76]. Johnson et al. 
[119] studied CPT as a function of PREN.  His research demonstrated that the CPT 
increases almost linearly with increasing PREN. The experiment involved testing of 
stainless steel alloy samples in seawater at  with the corrosion rate dependent on 
the PREN value. The results showed that the PREN value decreases with an increase in 
temperature [41, 118, 119].  Malik et al [103] suggested that Epit is also a linear function 
of the PREN value [41, 103]. 
2.6 Corrosion-Related Accidents in Marine and Offshore Sectors [3, 11, 
89, 95, 120-122]. 
 
Table 2-5. Historical offshore accidents reported due to pitting corrosion 
% 3% 16%NPRE Cr Mo N= + +
50 C
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Accident Year Fatalities Cost Descriptions 
Umm Said Qatar 
(Weld Failure, Gas 
Processing Plant) 
April 1977 3 killed US$ 179 
million 
A tank containing 236,000 barrels of refrigerated propane at 45 °F failed at weld. The possible cause of 
weld failure was corrosion due to the influence of sulphate reducing bacteria that remained inside the 
tank after hydro test with seawater. The wave of liquid propane swept over the dikes before igniting a 
nearby tank containing 125,000 barrels of buthane. It took eight days to completely extinguish the fire. 
Ekofisk Norway 
(Weld Failure, 
Offshore Platform)  
March 
1980 
123 killed      Alexandra L Kielland Platform, a semi-submersible oil-drilling platform located at Ekofisk field North 
Sea, capsized during a storm. The platform was supported by five columns standing on five 22-meter 
diameter pontoons. The five 8.5 diameter columns on the pontoons were interconnected by a network of 
horizontal bracings. A cracked bracing made five other bracings break off due to overload, and the 
vertical column connected with the cracked bracings became separated from the platform. The platform 
subsequently became unbalanced and capsized. The investigation showed that a corrosion fatigue crack 
had propagated from the double fillet near the hydrophone mounted to one of the horizontal bracings.  
Mexico Pipe 
Leaking (LPG)  
November 
1984 
650 killed 
64000 
injured 
US$ 29 
million 
A 12-inch pipeline between cylinder and sphere storage ruptured. Initial blast caused a series of BLEVEs 
(boiling liquid expanding vapour expansion). The outstanding cause of escalation was the ineffective gas 
detection system and, due to this, of lack of emergency isolation. This explosion and fire is perhaps the 
most devastating incident ever. The high death toll was due to the proximity of the LPG terminal to a 
residential complex. The accident is not fully understood however; researchers claim that this accident 
occurred due to the pitting corrosion in the pipe. 
Piper Alpha North 
Sea (UK)  
July 1998 167 killed US$ 1.27 
billion 
This was predominantly an operational error. Gas leaked from two blind flanges due to localized 
corrosion - then the gas ignited and exploded. A pump from two available pumps was tripped, and an 
operator accidentally changed the backup pump with a pressure relief valve, which had been removed, 
for maintenance. Severity damage of the explosion was due largely to the contribution of oil and gas 
pipelines connected to Piper Alpha.  
Sinking of the Erika  Dec 1999 8 Killed  Erika broke into two near the coast of France whilst carrying approximately 30,000 tons of heavy fuel. 
19,800 tons of fuel spilled along the coast of Brittany and France. This single oil spill was equal to the 
total amount of oil spilled worldwide in 1998. A corrosion problem, which had apparently existed on the 
Erika since 1994, led to this devastating accident in 1999. 
Roncador Brazil March 
2001 
2 Killed 
8 missing 
US$ 515 
million 
Investigation report of the fire, explosion, and sinking to P-36 (the largest offshore production facility) 
revealed a sequence of events started from the failure of the starboard emergency drain tank (EDT). 
Excessive pressure in Starboard EDT, due to a mixture of water, oil, and gas, caused a rupture and leaking 
of EDT fluids into the fourth level of the column. The leaks were believed to have occurred due to 
corrosion. 
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2.7 Methods of Identification of Pitting Corrosion 
The first stage in understanding pitting corrosion of steel is to correctly identify                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                   
the phenomenon. Pitting corrosion is characterized by small flaws in the surface of a material 
as shown in the Figure 2-3 [25]. There are many techniques that can identify the presence of 
pitting [25, 120] 
2.7.1 Visual Inspection 
To identify pitting corrosion, visual inspection can be done in ambient light to determine 
location and severity of pitting. Cairns et al. [25] stated that photographic imaging is often used 
to document the difference in appearance of pits before and after removal of corrosion products 
[25].  Roberge [20] describe this technique as easiest to employ as it does not require 
specialized equipment and is relatively economical [20].  Recently, the use of remotely 
operated vehicles (ROV) and autonomous underwater vehicles (AUV) replaces dangerous 
human effort for deepwater inspection and underwater work. They increase safety, reduce costs 
and increase efficiency. These technologies utilize visual imaging and produce high resolution 
photographs of the corrosion susceptibility in structures  [123].   
2.7.2 Metallographic Examination 
Metallographic examination is an investigative technique that can be used to determine the size, 
shape and density of corrosion pits [25].  Jana et al. [124] stated that metallographic 
examination is typically a destructive analysis technique as the specimen must be cut from the 
component and examined with a microscope [124].  Power et al. [61] studied the simultaneous 
electrochemical analysis and in situ optical microscopy for 316L stainless steel samples 
submerged in sulphuric acid based solutions. They reported that this technique provides both a 
detailed visual account of the corrosion process as well as a standard electrochemical analysis 
of the pitting potentials and corrosion rate [61].  A brief discussion on the metallographic 
examination is provided by Caines  [25]. 
2.7.3 Non-Destructive Testing (NDT) 
Non-destructive testing (NDT) is a key technique used in industry to evaluate the current state 
of component and equipment in service and to aid in maintenance planning.  It plays an 
important role in the continued safe operation of physical assets [25, 122, 125]. American 
Society for Non-destructive Testing (ASNT) defines NDT as “the determination of the physical 
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condition of an object without affecting the object’s ability to fulfil its intended function. NDT 
techniques typically use a probing energy form to determine material properties or to indicate 
the presence  of material discontinuities” [125].  ASTM G46-96 [122] stated that NDT 
technique is applicable to identify pitting corrosion however, it is not effective at characterizing 
pitting as a destructive method .  Additionally,  specialized training  is required to ensure 
realistic results [25, 122].  A brief description of each NDT method is presented by Forsyth et 
al. [125] and Caines et al. [25].  
    An NDT method is classified according to its underlying physical principle [25, 124-
126] and common methods are: 
• Visual and optical Testing (VT) [125]   
• Radiographic Testing (RT) [127] 
• Electrochemical and Electromagnetic Testing (EC, ET) [17] 
• Ultrasonic Testing (UT) [128] 
• Liquid Penetrant Testing (PT) [25] 
• Magnetic particle Testing (MT) [25, 125] 
• Acoustic Emission Testing (AET) [25, 95] and 
• Infrared and thermal Testing (IRT) [25]  
2.7.4 Surface Analysis Technique 
 Methods of surface analysis are increasingly being used to detect and quantify elements 
present inside the passive layer [30, 92].  Auger electrons spectroscopy (AES) is a common 
analytical technique used in the study of the composition of the outer 1-5 atomic layer of the 
surfaces of solids [129].  During AES, the sample is attacked with 1 to 10 KeV electrons and 
the instrument analyses the emitted auger electrons. The sensitivity to individual elements is 
about 0.1%, however the accuracy of the result is fairly poor [30, 129]. 
X-ray photo-electron spectroscopy (XPS) consists of subjecting a specimen to X-ray photons 
and analysing the ejected electrons. The main advantage of this technique is that the energy of 
these electrons varies with the chemical state of the sample element. The depth sampled, and 
the sensitivity, is approximately the same as for AES. The main disadvantage of XPS is the 
poor lateral resolution obtained due to the absence of focus by the incoming energy [130]. 
 Secondary ion mass spectrometry (SIMS) is a technique for surface and thin-film analysis. 
SIMS has been extensively reviewed from various instrumental aspects such as analytical 
applications, comparison with other surface analytical techniques,  application of surface 
studies and fundamental aspects of ion emission [131].  Usually, these techniques are 
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associated with ion sputtering (ejecting the atom from a solid) to allow for in-depth analysis of 
the sample. However, sputtering has various disadvantages because it destroys the chemical 
bonding which may have been present on the surface, as well as at the original find topography. 
It may also form a cavity when sputtering is uneven, and some elements may sputter more 
slowly than others creating a new distribution in the removed sample [30, 58, 129, 130]. 
2.7.5 Probabilistic Approach for Pit Identification 
Pitting corrosion has long been known to be a particularly inconsistent and unpredictable 
process [30, 132]. More precisely, it is challenging to forecast when a pit will initiate and where 
this is going to take place, therefore researchers have tried to extract data from the distributions 
during times of pit nucleation events [28, 30]. Shibata et al. [133] were the first to postulate 
that the critical potential necessary to induce pitting, and the induction time elapsed before pits 
become observable, are both statistically distributed quantities [134]. They asserted that the 
nucleation of a pit is a statistical process similar to the development of a crack in brittle material. 
They conjectured  that the pit generation process has the Markov property, i.e. that the future 
probability of pit nucleation is uniquely determined once the state of the system at the present 
stage is known [30, 133].  Henshall et al. [134] found that the stochastic model of pitting 
corrosion was useful in predicting corrosion damage of high-level radioactive waste containers. 
They stated that the model includes simple phenomenological relationships describing 
environmental dependence of stochastic parameters, and that it can simulate pit initiation and 
growth under various environments, including those that change during exposure [134].  
Similarly, Valor et al. [27, 135] used a new stochastic model for pit initiation and pit growth 
[27, 28, 135]. 
Spatial distribution models are commonly used in locational analysis, including spatial location 
of activities among the zones of a region and measure of interaction between zones [136].  In 
the case of pitting corrosion models, spatial distributions is  used when the pits on the sample 
do not exactly follow a poisson distribution [30]. Several researchers have modified the spatial 
distributions to model pitting corrosion [9, 12, 27, 135-141]. In addition, Aziz et al. [137] 
introduced exponential distribution of the pit depth to calculate the maximum depth by the 
statistic of extreme values [137]. 
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2.8 Corrosion Modelling 
The quantitative understanding (i.e. a model) of how the corrosion process operates as a 
function of exposure time and under various environmental influences is necessary. It is also 
required to predict the likely amount of corrosion in the future for defined conditions [70]. 
Prediction and identification of pitting corrosion in marine and offshore structures is a difficult 
problem for a number of reasons [46].  Firstly, the events take place on a very small scale, with 
passive film nanometres in thickness and with initiation sites of similar sizes. Immediately after 
initiation, the rate of pit growth can be extremely high, even tens of [18, 23, 46].   
Frankel et al [46] considered the pitting location as an extremely dynamic one with rapidly 
moving boundaries and rapidly changing chemistries.  
The modelling of pitting corrosion in marine and offshore conditions has been study of interest 
for some time. The effect of the main factors in pitting corrosion modelling, such as 
temperature, bacterial community, oxygen concentration, pH, and velocity, has been 
considered in the past by several researchers [47, 54, 60, 80, 81, 101, 102, 142].  
 
Figure 2-12. General schematic of model for corrosion loss showing the changing behaviour 
of the corrosion process as a series of sequential phases, Adapted from [110] 
Researchers [8, 15, 47, 67, 75, 110, 140, 143-145] proposed a widely accepted multiphase 
phenomenological model for corrosion loss as a function of exposure period. As shown in 
Figure 2-12, the model was developed based on corrosion science philosophy. The model has 
several phases, including kinetic, diffusion, transition, and anaerobic, and each of these phases 
is believed to control the corrosion process [6, 110, 146].  This model is based on theoretical 
2A/cm
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and empirical corrosion mechanics. In Figure 12, phase 2 indicates the theoretical point at 
which anaerobic conditions is reached [6, 7, 15, 24, 51]. This condition tends to encourage 
rapid marine growth and, by inference, conditions favourable for sulphate- reducing bacteria 
(SBR) including activation and growth. [145]. From Figure 2-12, the number of sequential 
phases which correspond to the different processes controlling the (instantaneous) rate of 
corrosion for ‘at sea’ conditions is summarised as below [6, 52, 110, 146-148] : 
Phase 0 – a very short period of time during which corrosion is under ‘activation’ or kinetic 
control. This is governed by the rate at which local chemical reactions can occur unhindered 
by external diffusion or transportation limitations [74, 93, 110]. 
Phase 1 – a period of ‘oxygen concentration’ control; the corrosion rate is governed by the rate 
of arrival of oxygen through the water and the corrosion product layer to the corroding surface. 
It can be seen in the multiphase model that this phase can be modelled, to an approximation, 
as a linear relationship between depths of corrosion vs.  time [39, 67]. 
Phase 2 – in this phase the corrosion rate is controlled by the rate of oxygen diffusion to the 
corroding surface through the increasing thickness of the corrosion product. This phase is 
therefore a non-linear function of time - the reason being is that, when the corrosion products 
build up, the oxygen flux will decline and eventually anaerobic conditions will be established 
in the zone between the corrosion product and the corroding metal [144, 145, 149]. 
Phase 3 – in this phase the rate of corrosion is controlled by the metabolic rate of sulphate 
reducing bacteria (SRB) under anaerobic conditions.  Often, this phase 3 is a period of rapid 
growth of SRB resulting from the conditions now being suitable for their increased metabolism 
and from the plentiful supply of nutrients [149].  The high rate of metabolite production initially 
produces a high rate of corrosion, but this reduces to a quasi-steady state situation in 
equilibrium with the rate of supply of nutrients and energy sources from the bulk water [24, 
144, 147, 149, 150]. 
52 
 
 
Figure 2-13. Corrosion loss model and data fitting for long term corrosion data accessed from 
ASTM worldwide corrosion data.  
Phase 4 – this represents the quasi-steady state situation reached at the end of phase 3 and is 
presumed to continue indefinitely. Melchers et al. [149] stated that presently there is 
insufficient understanding of the precise mechanisms involved in this phase; however, the long 
term data for pitting corrosion suggests that it is closely linear with time (Refer Figure 2-13).  
Observations for a variety of steels also suggest that the corrosion rate is largely independent 
of the actual activity levels of SRB and of the type of steel [144, 149, 150].     
 Modelling of the uniform/general corrosion in marine and offshore structures is reviewed in 
the subsequent sections; however, the focus is on modelling the pitting corrosion in marine and 
offshore structures [5, 6, 9, 10, 12, 15, 24, 27, 28, 52, 71, 74, 105, 109, 135, 138, 140, 141, 146, 
147, 151-162].    
    
2.8.1 Modelling the General Corrosion in Marine Environments 
Statistical and stochastic aspects of pitting corrosion were first developed in the late 1970s 
[158].  In large-scale engineering structures, the measurement of pit depth and frequency is 
considered to be time-consuming and expensive. Therefore, only the deepest pits are studied 
since they are likely to be the cause of failure in these structures [9, 28, 158].  The extreme 
value statistics developed by Gumbel are widely used in the application of the maximum pit 
depth distributions.  Extreme value distributions include three types of asymptotic distributions 
for an infinite number of samples: 
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                                    (1.7) 
                                     (1.8) 
                                            (1.9) 
Where x is a random variable representing the maximum pit depth, and k and are constants. 
                                                                                                                                                  
Melchers et al. [162] studied the assessment of the remaining safe and serviceable life of 
deteriorating structures. A probabilistic model for immersion corrosion loss with time on mild 
and low alloy steels was developed based on the fundamental physiochemical model [52, 146].  
They stated that, for structural reliability assessment using probability theory, the structural 
strength at any point in time t can be represented by R(t) with probability function  fR (r,t), 
where R(t) is a random variable and r is a discrete, deterministic value. The generic form of the 
proposed model has material loss due to corrosion as a function of time and is expressed by:    
           (2.0) 
Where  is the average depth of penetration from one side of steel plate (mm);  f (t, E) = 
mean value function;  b (t, E) = bias function which should be unity when f (t, E) represents c 
(t, E) exactly under all conditions; =  zero mean uncertainty function; and E = vector of 
factors which characterize the exposure environment, steel composition, and the surface finish 
factors.  From this analysis Melchers et al.[162]  stated that the rate of pit growth is not a linear 
function of time [162]. Additionally, Melchers et al. [146] proposed a similar probabilistic 
modelling based on corrosion mechanics and environmental factors. The environmental factors 
included were: temperature, dissolved oxygen, salinity, calcium carbonate, pH, water velocity 
and marine growth. The probabilistic model divided the corrosion into four particular stages: 
initial corrosion; oxygen diffusion controlled by corrosion product and micro-organic growth; 
aerobic activity with limited food supply; and anaerobic activity [110].  
Neither of the previous studies attempted to include the effects of the different operational or 
environmental factors on the corrosion degradation expected through the lifetime of the 
structures. Melchers et al. [74] stated that in order to improve corrosion models it is necessary 
to not only account for time but also include contributing variables [74]. They also identified 
the main corrosion mechanisms that can be found in steel structures as well as the main 
environmental factors that affect them [52, 146]. Conversely, other studies tried to extend the 
previously developed, time-dependent corrosion models to include the effect of additional 
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different environmental factors. These studies were mainly based on statistical analysis of field 
and experimental data [52, 105, 146].   
Using literature field data as well as new field observations; Melchers et al. [5, 15, 110] 
calibrated the parameters of multiphase time-to-corrosion models on mild and low alloy steel 
under fully aerated immersion conditions. They proposed a phenomenological model for 
general corrosion of mild, low alloy steel under near-surface conditions; this was adapted from 
a model of at-sea immersion conditions which had  already been proposed [154]. They utilized 
literature data from the previous work [110, 154] and applied a similar probabilistic framework 
(refer to Equation 1.7) [151]. The calibrated parameters were then used to predict the corrosion 
degradation as a function of time and sea water temperature [5, 15, 110]. 
 Melchers et al. [105] proposed examples of mathematical modelling for long term general 
corrosion of structural steels in sea water. Consideration was given to the early corrosion 
controlled by oxygen concentration which then later evolves to anaerobic conditions.  The 
model was calibrated using extensive field data received from an offshore oil platform site 
located in Haloong Bay, Vietnam, and from coastal sites along the China Coast [105]. 
Furthermore, Melchers et al [147] proposed the probabilistic model for atmospheric corrosion 
of structural steels in ocean environments [147].  However, they disagree with some of the 
assumptions previously made such as that corrosion is the linear function of time, i.e. that there 
is a constant corrosion rate and the assumption that the corrosion rate is a monotonically 
decreasing function of time [147].  
2.8.2 Modelling the Pitting Corrosion in Marine Environments 
Katano et al. [156] proposed a predictive model for pit growth on underground pipes. They 
relied on the theory that the pitting corrosion rate for metal depends on environmental factors. 
They established the relationship between pitting depth and environmental factors. This 
relationship was explored through regression analysis, with pitting depth as dependent 
variables and on environmental factors as independent variables. Pitting depth was expressed 
as a power of time t.  
       (2.2)  
Where,  and a are constant. From the above relationship, they derived a statistical model of 
pitting depth (y) as a dependent factor and environmental factors (x) as independent factors. A 
regression model is expressed as: 

at =
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                                                (2.3) 
Where, α and β are regression coefficient. 
Melchers et al. [74] extended the model previously developed[139] to include the effect of 
dissolved oxygen in order to obtain a multiphase, time-dependent pitting corrosion degradation 
model incorporating the effect of dissolved oxygen concentrations [74]. Furthermore, Melchers 
et al. [74, 88] gave consideration to how the previous observations could be used to represent 
the effect of water velocity on the previously proposed models. They stated that it is essential 
to investigate the influence of water velocity on early corrosion behaviour; only then could the 
corrosion rate be correlated with the dissolved oxygen in the early stages of corrosion. They 
thereby confirmed that the depth is not an independent factor in marine immersion corrosion 
of mild steel; however, dissolved oxygen, water temperature, and local water velocity were 
found to be the main influencing factors [74, 88]. 
Guedes at al. [157] studied the effects caused by different environmental factors on the pitting 
corrosion behaviour of steel plates totally immersed in salt water conditions. They proposed a 
corrosion wastage model based on a non-linear time-dependent function. This model accounts 
for the effect of various environmental factors including salinity, temperature, dissolved 
oxygen, pH, and flow velocity [157].  
Melchers et al. [6] studied the statistical characteristics of pitting corrosion, represented by the 
extreme value distribution ‘Gumbel’. Since then, considerable progress has been made in the 
rational description and mechanistic modelling of individual pit initiation and early pit growth. 
Regardless, the modelling for growth in pit depth tends to be largely empirical and laboratory 
observations are unlikely to be representative of field conditions. In particular, experiments 
cannot include the precise effect of bacterial activity in pitting corrosion [6, 74, 139]. They 
proposed the phenomenological model for pit growth and extreme value of pit depth using 7 
years of field data. From this analysis, they stated that only those pits that initiate immediately 
upon exposure, and then grow as stable pits, can become extreme depth pits. Distributions of 
all pit depths indicate the probability of occurrences of maximum pit depth for short and long 
marine immersion conditions. A Gumble distribution is commonly adopted as extreme valve 
distributions because it provides for less conservative probability estimates [6, 74, 139].    
Melchers et al. [5] studied the variability of maximum pit depth of mild steel specimens 
subjected to marine immersion. Here the authors considered the effect of anaerobic conditions 
( )2 0 1exp( )[ (0, )],  exp
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for immersion pitting in mild steel. The data was calibrated and maximum pit depth was shown 
to be a function of sea water temperature [5, 139].  When considering the multiphase 
phenomenological model, it was found that pitting was most severe when widespread anaerobic 
conditions were established at the corroding surface. It was acknowledged that the Gumbel 
distributions plot that was used previously for expressing pit depth variability was combined 
with a simple power function. However, they reported that the pit growth is a more complex 
function involving several stages such as pit initiation, metastable pit and stable pit [5, 6, 110].  
Melchers et al. [139] then introduced super stable pit growth which initiates immediately after 
exposure and grows without significant metastable activity [139].  They reported that, as a 
result of super stable pit there is likely to be a high degree of dependency among the depths of 
extreme (deepest) pits.  By this time, when the super stable pits are introduced the use of 
extreme value distributions (Gumbel distributions) started to become doubtful because it was 
now known that the statistical population of super stable pits are likely to be different from the 
remaining pits.  Melchers et al. [139] recommended the use of normal distributions (modelling 
the probability of occurrences) to represent the extreme pit depth of super stable pitting. Using 
the structural reliability system theory, the distributions of the pit depth (for the deepest depth) 
can be expressed as: 
             (2.4) 
Where, event xi is the pit depth represented as random variable; P[ ] the probability of 
occurrences; and X is the random vector which hold all component xi.  From this analysis, 
Melchers et al. [139] identified that if the probability distributions for the deeper pits are normal, 
the probability distributions for the extreme pits should also be normal distributions. They 
further established that these probability distributions have more certainty than those estimated 
by conventional approaches such as Gumbel distributions [139].    
Khan et al. [12] proposed statistical methods to improve the estimation of degradation rate. 
They indicated that combining the statistical methods with a reliability assessment would offer 
a potential for better use of inspection results, and for the prediction of the probability of future 
leaks in offshore pipes as well as remaining life assessment [12, 163].  In pitting corrosion, the 
average degradation rate does not represent the real status of material degradation due to the 
nature of pit initiation and to its usually difficult location. Hence, for pit corrosion modelling 
purposes, focus is given to establishing the relationship between the maximum pit depths in 
the given exposure.  Khan et al. [12] recommended a use of extremes  value statistics in pitting 
max max
( ) [ ] [  pits x ]X iF a P X a P all a=  = 
 x i a
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corrosion to investigate extreme values and proposed linear, power law and logarithmic 
extreme value models [12, 163].  
               (2.5) 
                          (2.6) 
                         (2.7) 
Where,  is the threshold depth of degradation (pit depth) at initiation time  ;  is the 
measured depth at time ; and  is the pitting corrosion rate. Depths exceeding  would 
grow, whereas depths lower than the  may fail to grow [12, 163].  Khan et al. [12] and 
Kowaka [163] provided a brief list of the applicable distribution types for localized degradation.  
 Melchers et al. [141] proposed an extreme value analysis  for long term marine pitting 
corrosion of steel affected by corrosive agent sulphate reducing bacteria (SRB). They argued 
that the conventional use of Gumbel distributions is no longer appropriate for deriving extreme 
value statistics for maximum depth of pits in pitting corrosion [141].  They stated that 
conventional use of Gumble distribution does not consider either stable or metal stable pit 
growth. 
SRB is the main corrosive agent for longer term pitting corrosion. Modelling of long term 
pitting corrosion is rather difficult because of the lack of sufficient data in one exposure 
location hence the use of Frechet extreme value distributions is appropriate as it combines the 
data from different exposure times [141]. Melchers et al. [141] proposed a statistical model for 
longer-term, maximum pit depth which considers the effect of anaerobic conditions. 
                            (2.8) 
Where, denotes the rate of supply of nutrients to the corroding surface; t is the time 
elapsed since the commencement of overall anaerobic activity; and T is the mean water 
temperature. Also, if is the proportion of the surface covered by pits, then the rate of supply 
of nutrient per pit at any time t is proportional to  [141].  
Mohammad et al. [164] proposed a prediction model of pitting corrosion characteristics using 
Artificial Neural Networks (ANNs). They used a pre-corroded steel specimen and immersed it 
in corrosive ferric chloride solutions in different concentrations. It was found that the ANNs 
results agreed well with those obtained from laboratory tests. They further stated that, by 
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increasing the corrosive concentration with extended immersion duration, it resulted in an 
increase in pitting density and pitting depth [164]. 
 Valor et al. [135] proposed Markov chain models for the stochastic modelling of pitting 
corrosion [27, 28, 135].  Two different models of pitting corrosion were proposed: 1)   a 
continuous-time, nonhomogeneous linear growth Markov process was used to model  external 
pitting corrosion in underground pipelines, and  2) the distribution of maximum pit depths in 
pitting experiments was modelled combining pit initiation and pit growth processes [135]. 
Velazquez et al. [9] proposed a methodology for probabilistic mathematical modelling of the 
pit initiation process and its depth-of-growth process. Two stochastic models were developed: 
1) the Poisson process which was used to modal pit initiation, and   2) the Gamma process to 
model the pit depth-growth [9].  After obtaining the pit depth, the maximum pit depth was 
studied using Block Maxima (BM) and the Peak-Over-Threshold (POT) methods.   
Velazquez et al. [9] described the pit initiation as Non-Homogenous Poisson Process (NHPP). 
According to NHPP, pit initiation time was assumed with intensity function , where is 
defined as the mean pit density per area unit and  can be an arbitrary function. Hence, the 
expected number of pits in given time t can be expressed as: 
                                     (2.9) 
The pit growth was modelled using the Gamma process which is a continuous-time stochastic 
process with independent gamma increments. The Gamma probability density function can be 
expressed by: 
                                                (3.0) 
Where k is shape parameter which controls the rate of the jump;  the inverse of the scale 
parameters which controls the jump sizes; is the Gamma probability density function; 
and y >0 and =  is the Gamma function. 
Finally, Velazquez et al. [9] reported that the use of statistical simulations in the modelling 
pitting corrosion is significant as to be familiar with different pit characteristics such as pit 
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depth, pit density and rate of pitting. They ensure that the NHPP process can determine the 
evolution of the total number of pits and, likewise, the Gamma process for the pit growth [9] 
2.9 Challenges 
There are many studies conducted on the mechanism, field-testing and laboratory testing in the 
field of pitting corrosion; however, there is no development of detailed studies for failures in 
offshore structures due to pitting characteristics. One critical requirement is the investigation 
of how pitting characteristics, such as rate, depth, density and distance, can cause a structural 
failure. Previously, empirical and statistical degradation models were developed by either 
fitting field or laboratory data. However these models, even though useful for specific site or 
operating conditions, still carry high uncertainty. Currently, several aspects of current 
knowledge on pitting corrosion are deficient and require further investigation. Some of these 
challenges have been identified and listed below:  
• Structural failures due to pitting characteristics such as pit depth, pit rate, pit density 
and interfacial distances between pits is not fully understood; better understanding of 
these characteristics is crucial. 
• The process of pit propagation and the rate of pit growth are not fully understood. 
• Precise prediction mechanism of long term anaerobic corrosion requires essential study 
in order to develop a failure model. 
• The total depth of pit and its rate of growth are of concern in marine and offshore 
structures; the precise mechanics of pit growth mechanism needs to be developed. 
• There is still uncertainty in the pit depth measurement; a precise pit depth measurement 
technique needs to be developed. 
• There is no precise way to observe the depth of deepest pit without destroying the   
specimen; this needs to be resolved. 
•  Several factors that can affect pitting corrosion in marine environments have been 
established in this paper; however, the effect of these factors on pit growth is still not 
fully understood. 
• Mathematical relationship for the factors that affect pitting rate such as surface wetting, 
humidity, oil in the water, suspended solids etc. is not yet understood. 
• The influences of pH on pitting corrosion under dynamic conditions may also be studied 
and the role of metal defect on pit initiation needs further analysis. 
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• Another possible expansion is the study of the repassivation mechanisms, including     
super saturation of the solution, precipitation of the passivating phase and subsequent 
increase in the electrical resistance of the pore. 
• In this paper, several conventional and recent methods for modelling of pitting 
corrosion are discussed to evaluate the rate of corrosion; however, there is a need to 
find an appropriate method of estimating the corrosion rate and how it develops with 
time. 
Provided that all factors that can cause pitting corrosion are known - as based on the mechanism 
of corrosion and by using risk assessment methodologies - a probabilistic risk assessment can 
be applied to predict and evaluate future failure due to pitting corrosion. 
2.10 Conclusion 
Pitting corrosion is a complex but important problem that is at the root of many structural and 
system failures. It has been studied for many years however crucial phenomena remains unclear. 
The aim of this paper was to identify and evaluate the parameters that affect pitting corrosion 
in marine and offshore environments. This paper has reviewed and discussed the mechanisms 
and characteristics of pitting corrosion, several factors that affect its development, as well as 
identification methods and modelling techniques. Based on the literature reviewed it is clear 
that pitting corrosion is a stochastic, probabilistic phenomenon that requires interdisciplinary 
concepts that incorporate surface science, metallurgy/material science, hydrodynamics and 
chemistry. From this study, the following conclusions suggestive of recent knowledge on 
pitting corrosion can be summarized as: 
• Pitting corrosion is considered as one of the most destructive forms of corrosion; pitting 
mechanism and the characteristics of pitting is summarized in this paper. 
• It is generally acknowledged that there are three stages of pitting.  
• Pit can be initiated in many different ways and the growth of pits can be attributed to 
different phenomena. 
• The several factors that affect pitting corrosion and the rate of pitting have been 
investigated; the critical factors that have most effect on the pitting rate are temperature, 
pH, bacterial and flow velocity, however, this varies on marine zones such as 
atmospheric, splash, emersion etc. 
• Various experimental investigations have shown that different effects may serve as 
stabilizing factors for localized corrosion and it depends on the stage of development 
of corrosion pit and environmental conditions.  
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• Pit depth has been acknowledged as a critical factor and is the key parameter to describe 
pitting rate. 
• Some standard laboratory methods of determining the pitting corrosion rate, and the 
effect of different factors on rate of pit growth, are considered to be inaccurate. 
• Although a standard exists for statistical analysis of laboratory corrosion data, no such 
standard exists for the analysis of inspection data relating to corrosion measurement. 
• Short term pitting corrosion can be modelled from the experimental field data; however, 
this data cannot be relied on for modelling of long term pitting corrosion.  
• In recent years, there have been different attempts made on probability modelling for 
general corrosion as a function of time; however, less is available for pitting corrosion 
under marine immersion conditions. 
• The use of statistical simulations in pitting corrosion is valuable for determining pitting 
characteristics such as pit initiation and pit growth. 
• The power law is commonly used to express pitting depth as a function of time. Some 
of the statistical distributions are: Poisson, Exponential, Normal, Log normal and 
Extreme value distributions.  
• Extreme value analysis is considered most appropriate for the study of pitting corrosion; 
extrapolation from a small-inspected area to a large area is possible with this method. 
• A Gumbel distribution is widely used for the application of extreme value statistics in 
corrosion engineering. 
• The conventional use of the Gumbel distributions is no longer appropriate to derive the 
extreme value statistics for maximum depth of pits in pitting corrosion. It is suggested 
that, for longer-term pitting corrosion, the use of Frechet extreme value distributions is 
more appropriate. 
• Field test is suggested for generating long-term data. This would allow for the collection 
of relevant environmental data and would develop further understanding of degradation 
mechanisms and pitting corrosion rates. 
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3 Risk-based Maintenance (RBM) of an Offshore 
Process Facility using Bayesian Network 
 
Abstract 
Process plant and equipment may not remain safe and reliable if they are not maintained well. 
The main objective of any maintenance strategy is to increase equipment’s life while 
maintaining the safety and reliability of the process systems. Risk-based maintenance (RBM) 
methodology provides a tool for maintenance planning and decision making to reduce the 
failure probability of equipment and the consequences of failure. It also assists to identifying 
the critical equipment based on the pre-selected acceptable level of risk. This article discusses 
a novel methodology for the design of an optimum maintenance programme integrating a 
dynamic RBM based reliability approach and a risk assessment strategy. In this study, Bayesian 
Network (BN) is employed to develop a new dynamic RBM methodology for the design of an 
optimum maintenance programme for offshore production facility. The application of this 
methodology has high degree of prediction capability which increases the reliability of the 
equipment and also optimizes the cost of maintenance. The developed methodology is applied 
to a case study involving an offshore oil and gas production facility. A sensitivity analysis is 
also conducted to study the critical equipment based on the risk levels. Based on the sensitivity 
analysis corrosion is found to be a predominant causes of components failure. 
 
Keywords: Reliability, Risk-based maintenance, Probability, Bayesian network, Separator, 
offshore production
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3.1 Introduction 
Plant safety in the process industry is directly aligned to the reliability of its operation. Higher 
reliability of the process plant can be achieved through a robust inspection and maintenance 
programme. The main objective of the maintenance process is to make the use of the knowledge 
of failures and accidents to achieve the highest possible safety with the lowest possible cost. 
Over the past few decades, maintenance strategies progress from the primitive breakdown 
maintenance to more sophisticated strategies like condition monitoring and reliability cantered 
maintenance [165-167]. Risk based maintenance (RBM) methodology provides a tool for 
maintenance planning and decision making to reduce the equipment’s failure probability and 
most importantly the consequences of failure [168]. To develop an appropriate maintenance 
strategy, it is necessary to estimate the impact of maintenance on assets and determine the 
relationships between likelihood of the undesirable events and the possible consequences. The 
most effective tool to estimate the likelihood of hazard and associated consequences is 
probabilistic risk assessment [169]. Several researchers [165-167, 170-176] demonstrate the 
application of the risk-based maintenance strategy. In the beginning of the twentieth century, 
the American Society of Mechanical Engineers (ASME) focused on performance criteria to 
improve safety and reduce the frequency of failure [171]. Later, the importance of risk was 
recognized as an important measure of systems safety. Hegemeijer et al. [175] developed a 
methodology for risk-based inspection for pressurized systems. The methodology was based 
on the  risk assessment by evaluating the consequences and the likelihood of the equipment 
failure [167, 175]. Henry et al. [176] developed a risk ranked inspection procedure that is used 
in one of the Exxon’s chemical plants to prioritize repairs that have been identified during 
equipment inspection. Dey et al. [174] presented a risk-based model for the inspection and 
maintenance of a petroleum pipeline, this tool reduces the amount of time spent on inspection. 
The author used Analytic Hierarchy Process (AHP) which is a multiple attribute decision-
making technique to identify the factors that influence the failures for their risk-based model 
[174]. Khan et al. [177] developed a comprehensive methodology for risk-based inspection and 
maintenance. Their methodology integrated a quantitative risk assessment and evaluation 
method with one of the reliability analysis technique called fault tree analysis (FTA) [177]. 
This methodology was applied to different case study of ethylene oxide production facility. In 
their study a reverse fault tree (FT) was used to determine the optimal maintenance interval 
[165]. Recently, Khan et al. [165-167, 171, 178, 179] reported the significance of applying a 
risk based maintenances strategy in process industries.  
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Most of the aforementioned researchers have used the FTA to determine the likely failure 
scenarios and their associated probabilities. The well-known FTA and event tree (ET) approach 
is widely applied to identify the likelihood and consequences of accident scenarios in which 
following an accident initiation, a number of safety barriers must fail before severe 
consequences arise [180]. In the past few years, the FT/ET approach has gained widespread 
acceptance as being a mature methodology for analysing accident scenarios. However, these 
integrated techniques are implemented under specific conditions and have limited applications 
[181]. Although a static fault tree has been extensively used in risk analysis, these conventional 
integrated techniques are not suitable for the large and complex systems. Similar findings were 
reported in previous research [178, 182]. Khakzad et al.[182] reported that the application fault 
tree is not the most appropriate technique for large systems. Khakzad et at.[182] emphasized 
that fault tree fails to capture dependent failures and common causes failures [182]. The 
application of the Bayesian Network (BN) is another approach in conducting quantitative risk 
assessment. The BN analysis is becoming a popular probabilistic inference technique for 
reasoning under uncertainty. The BN analysis models multi-state variables, common causes of 
failure and conditional dependencies. Some of the priorities of using BN in comparison with 
the conventional methods such as FT and ET analysis are its  ability to model complex systems, 
reducing parameteric uncertainty by having new evidences, and being able to apply user-
friendly and compact graphical approach [171, 183, 184]. Further, BN makes it possible to 
perform probability updating and sequential learning [181, 182, 185, 186].  
Offshore oil and gas process facilities has accounted for the highest rate of critical incidents 
compared to other domains in the petroleum industry. It involve hazardous chemicals (highly 
flammable and toxic) at extreme conditions such as temperature and pressure [165, 171]. The 
transient, intersecting, continuous and complex characters of offshore production facilities 
determine the variety of risks. In addition, the associated risk is extremely difficult to control 
[182, 187]. The purpose of the offshore production platform is to operate the wells, and to 
separate the fluid produced from the wells into oil, gas, condensate and water [171]. The 
availability of complex system, such as the oil and gas production platform is directly 
associated with the reliability of different components (units) and their maintenance policy. 
Therefore, an appropriate risk-based maintenance strategy is necessary to better define an 
appropriate maintenance policy, which can increase the reliability of the equipment and lead 
to a safe and fault free operations.  
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A dynamic RBM methodology using BN is proposed in this study to tackle safety of the 
complex process systems. This methodology can produce consistent and precise 
maintenance/inspection interval incorporating the conditional dependencies of sub-
components which are possibly missed during the application of conventional methods. In this 
paper a BN model is develop to define failure scenarios and to calculate the probability of the 
failure. Furthermore, the BN is used to compare the risk against known acceptable criteria and 
finally to determine the appropriate maintenance interval for the equipment. A novel dynamic 
risk-based methodology for the maintenance/inspection scheduling is developed in this study 
and applied to the maintenance of an offshore production platform as a case study.     
3.2 Risk Assessment 
Out of the two main phases of RBM, risk assessment is the critical and foremost important 
phase, as the maintenance decisions are made based on assessed risk. Risk assessment is a 
technique for identifying, characterizing, quantifying, and evaluating the loss caused by an 
event [165, 171]. It starts with the identification of major potential hazards that each failure 
scenarios may lead to. For a particular failure scenario, the risk assessment can be performed 
qualitatively or quantitatively (Figure 3-1). Quantitative risk assessment is performed by the 
estimation of frequency of failures and its consequences [168]. This study is limited to the risk 
analysis using a quantitative approach. In the second phase consequence analysis is carried out. 
 
Figure 3-1. The risk assessment process [168, 171] 
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As demonstrated in Figure 3-1, risk assessment involves hazard identification, estimating their 
likelihood (number of events/time interval) and estimating the consequences (impact/event). 
The combination of these estimations represents the risk associated with the evaluated activity 
[168]. Risk assessment approach integrates reliability and consequences analysis at the various 
stages of the analysis, and attempted to answer the questions such as; i) what can go wrong?, 
ii) How can it go wrong?, iii) How likely is its occurrences?, and iv) What would be the 
consequences? [165, 167, 168, 171]. 
 
3.2.1 Bayesian network 
The BN is a graphical structure for representing the probabilistic relationship among a large 
number of random variables and performing probabilistic interface with those variables [173, 
186, 187]. BN model connects causes (independent variables) and consequences (dependent 
variables) as a nodes through direct arrows pointing the causes to consequences [188]. Each 
node in BN depicts an uncertain variable and demonstrates the causal relationship between two 
variables. It allows estimating likelihood of rare failures events of complex systems in an 
efficient way. BN also assists to update the prediction when new information is available 
through monitoring and inspection [173]. A conditional probability table (CPT) provides the 
probabilities of each state of the variable considering each combination of parent states.  A 
common BN structure is illustrated in Figure 3-2, in which the RN represents the root nodes 
(primary events), the IN represents intermediate nodes and the PN represent the pivot node (top 
event). Similarly C signifies the possible consequences which are connected to the level of risk 
as the final result.  
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Figure 3-2. Structures of BN model (The arrow in the network represent the relationship 
between the nodes) 
In BN, “probability inference of an event is conditional on the observed evidence”. BN not 
only can implement forward or predictive analysis; it can also perform backward or diagnosis 
analysis. Considering the conditional dependencies of variables, BN represents the joint 
probability distribution P (U) of variables as; 
                                                          (1) 
Where Pa(Ai) is the parent set of Ai in the BN, and P(U) reflects the properties of the BN. It 
takes advantage of Baye’s theorem to update the prior occurrence (or failure) given that the 
observation of another set of variables evidence E. The posterior probability distribution of a 
particular variable can be computed using different classes of inference algorithms, such as the 
junction tree or variable elimination, based on Baye’s theorem (Equation 2) [178, 181, 182]. 
                                              (2)    
3.3 The proposed dynamic risk-based maintenance methodology 
Risk-based maintenance methodology provided a tool for maintenance planning and decision-
making to reduce the failure probability of equipment and the relevant consequences [167]. 
The resulting maintenance programme maximized the reliability of the equipment and reduces 
the cost of total maintenance of process facilities. The concept of risk-based maintenance 
proposed in this study to achieve tolerable risk criteria. The developed risk-based methodology 
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includes several different steps as illustrated in Figure 3-3. To achieve the purpose of the RBM 
strategy in offshore production platform is the production system components were divided 
into major systems and subsystems. The components of each subsystem are identified and each 
system is analysed one at a time, until the whole plant has been investigated. Data required to 
analyse the potential failure scenarios for each system are collected. There are different ways 
that the data can be collected, the most common approach is based on the historical accidents 
and through the expert judgements. The failure data for the basic events used in this study were 
adopted from OREDA  [189]  and Lee et al. [189, 190]. 
The proposed RBM methodology starts by identify undesired event for a selected unit. In the 
first step, an undesired event is defined to develop a failure scenario. The undesired event is 
resolved into its immediate causes and the resolution of event is continued until the basic causes 
are identified. The failure scenario provides a description of a series of sub-events which leads 
to a final failure event. It may contain a single event or a combination of sequential events. The 
developed scenario does not determine that an accident will indeed occur, however, there is a 
reasonable probability for an accident to occur.  Khan et al. [165, 171, 177] describes a failure 
scenario as neither a specific situation nor specific event, but a description of a typical situation 
that covers a set of possible events of situation. It is also a basis of risk study which tells us 
what may happen so that we can devise ways and means of preventing or minimizing the 
possibility of its occurrences [165, 171, 177]. The failure scenarios are generated based on the 
operational characteristics of the system, physical conditions under which operation occurs, 
geometry of the system and safety arrangements. Considering the failure scenarios and all 
relevant failure causes, a BN is developed. The probabilistic failure analysis approach using 
BN is used to identify major potential hazards (top events) that each failure scenario may lead 
to [166, 167]. The likelihood estimation is performed using BN by considering the failure 
scenarios and all relevant failure causes.  
Subsequently (in the second step), the consequence analysis is considered to assess the 
potential consequences if a failure scenario does occur. The aim of the consequence analysis is 
to quantify the potential consequences of the credible failure scenario. Khan et al. [171] 
reported consequences in terms of damage radii ( the radius of the area in which the damage 
would readily occur), damage to property, and toxic effects [171]. The calculated damage radii 
is later used to assess human health loss, environmental and production loss (in terms of 
dollars). Four major categories can be considered in the consequence assessment; human health 
loss, economic loss, environmental loss and system performance loss. This allows one to 
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distinguish between prioritization performed on each category. The assessment of 
consequences involves a wide variety of mathematical models. For example, source models 
are used to predict the rate of release of hazardous materials, the degree of flashing, and the 
rate of evaporation. Different mathematical models to quantify the consequences category is 
well described in Khan et al. [171]. In Figure 3-2, the pivot node (top event failure) in the 
developed BN is connected to each consequence node, takes into account the effect of the 
occurrence of the final failures on the individual consequence. 
In the third step, the risk level is estimated by the BN considering the failure probabilities and 
the relevant consequences. The level of risk calculated reflects the total risk for the system. The 
computed risk is evaluated against the acceptance criteria.  In this study three different states; 
low, medium and high are considered for the risk node. At this stage, the risk is estimated and 
assessed.  
In the fourth step, an acceptable risk criteria is determined using BN to make a decision whether 
the estimated risk for each failure scenario is acceptable or not. This steps of RBM is aimed to 
evaluate the earlier computed risk through the novel methodology developed in Figure 3-3. At 
this stage, the acceptance criteria needs to be set up for the risk computed in earlier steps. 
Acceptance criteria of risk may be different from one organization to another and depends on 
the type of systems. Some of the commonly used risk acceptance criteria are ALARP (as low 
as reasonably possible), Dutch acceptance criteria and USEPA acceptance Criteria [165]. In 
this study, an open-ended methodology is adopted for risk acceptance criteria, which depend 
on the scope of the study, the criticality of the system, and the policy or strategy of the offshore 
production societies. Risk estimated in third step is compared with these acceptance criteria. 
Whenever the estimated risk exceeds the acceptable criteria, a further analysis is required to 
reduce the risk using risk-management plan perceiving that the acceptable risk value can be 
altered for different organizations and systems.  
In the final step, the subsystems that failed to meet the acceptable risk criteria are studied to 
schedule a better maintenance plan that will reduce the risk. To schedule a better maintenance 
plan, the backward inference on the BN is employed. Considering the minimum potential risk 
(low), the backward analysis is carried out to determine the required value of the probability 
of failures for the root nodes. Consequently, after considering the revised probability for 
failures, the optimal maintenance time for the component is estimated. At this stage, the 
maintenance plan is developed according to optimal maintenance times.      
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Figure 3-3. The proposed risk-based maintenance methodology for an offshore processing 
facility 
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3.4  Application of RBM methodology for an Offshore process facility: A 
case study 
The developed RBM methodology is applied to design a maintenance plan for an offshore 
process facility on the platform. On the offshore production platform, the failure of a separator 
is a critical siltation with regard to well control. The separator in the offshore production 
platform is used to separate the fluid produced from the well into oil, gas condensate, gas and 
water. During this operation, hitting an unexpected high-pressure zone can lead to a well-
control problem due to the increased influx of formations fluids which can exceed the limits of 
the separator. It is crucial to monitor the performance of the separator in the offshore platform. 
In the case of lower differential pressure between the wellbore and formation, the separator 
equipment at the surface must be able to handle the influx of formation fluids. 
In the offshore production facilities, there are several functional subsystems and their system 
performance will which according to their operational characteristics and the reliability of the 
equipment’s. In this study the most credible failure scenario is investigated for a release of 
crude oil from separation section causing fire and explosion. The failure probability of the 
primary causes for the proposed scenario is obtained from available literature Khan et al. [171] 
and from offshore reliability data (OREDA) [189]. The primary causes leading to release of 
crude oil from separation section causing fire and explosion are identified. There are 10 basic 
events, which contribute to the accident scenario. These events with their failure probability 
are listed in Table 3-1. As illustrated in Figure 3-4, the probability of the top event i.e. releases 
of crude oil from separation section causing fire and explosion is calculated using BN with the 
aid of computer software Netica. The frequency of occurrences of the undesired event when 
all initiating events occur is estimated as 5.17E-04 per year. 
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Figure 3-4. Developed BN to calculate risk level for scenario release of crude oil from separation section causing fire and explosion 
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Table 3-1. Components of the failure scenario and their probabilities 
Index Unit Name Failure Probability Risk Factors ($/h) 
1 High-pressure separator 1.5000E-05 9.73E+4 
2 Valve 100 5.7000E-05  
3 Mixer 100 1.5000E-04  
4 Medium-pressure separator 3.3000E-05 51.28 
5 Valve 101 2.5000E-04  
6 Mixer 101 1.5700E-04  
7 Heater 100 4.6000E-05  
8 Low-pressure separator 6.3500E-06 1.45E+4 
9 Valve 102 1.5600E-04  
10 Cooler 101 7.1000E-05  
 
The frequency of the top event is combined to quantify the risk factors. The risk factors 
for each main section are calculated by adopting the general input data for consequence 
analysis and specific data for separation from Khan et al. [171]. It is evident from the 
Table 3-1 that the separation section has the maximum risk factor of 973.4E+2 $/h, and 
the medium compression section has the lowest risk factor of 51.3 $/h. The acceptable 
risk criteria for the present problem is considered as 1.0 $/h; any value higher than this 
is unacceptable. To minimize the probability of failure to reduce the level of risk as low 
as possible, the maintenance plan is considered for all components and sub-components.   
As illustrated in Figure 3-4, the failure of any of the main section such as accident in 
the high-pressure section, accident in the medium-pressure section and accident in the 
low-pressure section may individually lead to the release of crude oil from separation 
section causing fire and explosion. A BN is developed for the envisaged failure 
scenarios of different sections and a final unit. Three different states; low, medium and 
high risks are considered in this study. Considering the minimum potential risk (low), 
the backward analysis is carried out to determine the required value of the probability 
of failures for the root nodes. Considering the current condition for each of the units 
and their failure probabilities, the risk values are calculated and given in Table 3-2.  
Table 3-2. The current and assigned risk values 
State Probability Set evidence 
High  0.0949 0 
Medium 0.1774 0 
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Low 0.7275 100% 
 
Whenever the risk value is higher than the acceptable level, the probability of failure 
for different units should be decreased. This is done by assigning 100% probability to 
low risk state as an evidence and then performing BN backward analysis to re-calculate 
the failure probabilities. After considering the updated probabilities and the particular 
failure function (distribution), the time intervals between the consecutive maintenance 
tasks are calculated, as demonstrated in Table 3-3. 
Table 3-3. Result of risk estimation, revised probability and optimal maintenance 
schedule 
Index Unit Name Failure 
Probability 
Revised failure 
probability 
Annual probability 
of failure 
Optimal 
time (t) 
(days) 
1 High-pressure separator 1.5000E-05 1.0269E-06 0.0090 25 
2 Valve 100 5.7000E-05 3.9020E-06 0.0342 25 
3 Mixer 100 1.5000E-04 1.4998E-04 0.7352 369 
4 Medium-pressure 
separator 
 
3.3000E-05 2.2591E-06 0.0196 25 
5 Valve 101 2.5000E-04 1.7114E-05 0.1358 24 
6 Mixer 101 1.5700E-04 1.5698E-04 0.7472 365 
7 Heater 100 4.6000E-05 4.6000E-05 0.3368 372 
8 Low-pressure separator 6.3500E-06 4.3470E-07 0.0039 25 
9 Valve 102 1.5600E-04 1.0679E-05 0.0893 25 
10 Cooler 101 7.1000E-05 1.4198E-04 0.7117 730 
 
To calculate the annual probability of the failure of each unit the function demonstrated 
in Equation 1 is implemented. 
                     (1) 
Where, λ is the earlier failure probability of the components and t is time in hour (8760h). 
The maintenance interval (T) required to achieve the target probability was calculated 
using Equation 2. 
                                                                                                            (2) 
Where, P is the annual probability of failure for the revised components with low risk 
level. 
    (1- )tAnnual probability of failure e=
ln[1 ]P
T

− −
=
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Further, as illustrated in Table 3-3, the individual maintenance interval is different for 
each subsystems/equipment because this depends on the operational performance and 
the reliability of the each equipment. The minimum length of the maintenance interval 
for the valves is assigned as 24 days. Similarly, the maintenance interval for Cooler 101 
is assigned as 730 days i.e. around once in every two years.  Furthermore, the 
maintenance plan for the Mixer 100/101 and Heater 100 is assign to be 368 days i.e. 
once every year.  Although the some of the equipment may be over maintained using 
this method, the acceptable value of risk and reducing the downtime necessary for 
maintenance justify the value of the developed methodology. The methodology 
developed in this study provides a dynamic tool to schedule maintenance according to 
the existing condition of different units. This methodology will help to lower the failure 
risk to meet the acceptable criteria by continuous monitoring the new evidences on 
failure probabilities of individual subsystem/equipment in a unit, and re-evaluating the 
failure and possible consequences using new evidences. 
The sensitivity analysis is performed to investigate the most influencing factors as well 
as their contributions for the above-mentioned accident. This is conducted by assigning 
a zero probability to the individual factors influencing the release of crude oil from 
separation section causing fire and explosion. The BN model calculated the percentage 
contributions by comparing each case with the base case when all factors are active.  
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Figure 3-5. Contribution of the components to the offshore oil and gas production 
accident 
Figure 3-5 demonstrates the entire root events with the highest importance measure 
calculated for a separator system in the offshore production facility, which could lead 
to the undesirable event. Figure 3-5 clearly demonstrated that Valve 101 and Valve 102 
are most critical components with the highest contribution to the failure events. To 
prevent the leakage from the separator each well is equipped with these valves which 
regulates the rate of flow. These valves are fitted to the well head and before the 
production manifold, which separates the crude oil from sediments, solid, gas and 
condensates to allow the crude to be pumped in the pipeline or shipped through tankers. 
Considering the sensitivity analysis it is clear that these elements required more 
attention; hence the maintenance interval estimated for these elements is remarkably 
acceptable. 
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3.5 Conclusion 
In this paper, a novel methodology for a risk-based maintenance strategy using BN is 
developed. This methodology is crucial to reduce the risk of failures and optimize the 
cost of maintenance including the cost of failure. The BN based RBM methodology is 
more dominant than previously developed conventional methodology. Furthermore it 
has a higher prediction capabilities to develop suitable maintenance plan for the safe 
and fault free operation of the facility. The paper illustrates the applicability of the 
proposed methodology to an offshore process facility. The failure analysis of different 
subsystems/equipment and their associated consequence are considered in a single 
network. Application of the developed methodology for the maintenance scheduling of 
an offshore oil and gas production platform demonstrated that preventive maintenance 
time can be altered for each components in the system. This maintenance planning 
minimizes the risk of equipment failures in this unit to an acceptable level. This 
methodology provides useful information on; 1) the causes of failures for different units; 
2) the probable consequences on different subsystem failures in a unit; 3) the risk of a 
unit failure; and 4) the frequency of required maintenance to retain the acceptable level 
of risk for offshore production facility. The risk-based approach minimizes the 
consequences (related to safety, economics, and environment) of a system 
outage/failure. This will in turn result in a better asset and capital utilization. A risk-
based maintenance plan can be used to improve the existing maintenance policies 
through optimal decision procedures in different phases of the life cycle of a system. 
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5 Accelerated Pitting Corrosion Test of 304 
Stainless Steel using ASTM G48; Experimental 
Investigation and Concomitant Challenges 
 
Abstract 
Marine and offshore structures constructed with stainless steel are regarded as having 
high corrosion resistance due to their superior self-passivating properties. However, 
they are equally susceptible to environmental degradation, especially due to pitting 
corrosion in highly corrosive marine environments. Pitting immersion tests performed 
on 304 austenitic stainless steel specimens using ASTM G48 presented significant 
challenges. Some of the issues encountered during these tests include unspecified 
experimental factors that control the pitting process such as pH, specimen size 
limitations, materials’ properties, and the variation on the quality of the test solution. 
To overcome these challenges, the effect of surface finishes and aeration of the test 
solution on the corrosion behavior of 304 stainless steel specimens in 6% ferric chloride 
were examined and compared. The result shows that an aerated solution has much lower 
concentrations of pits compared to quiescent solutions. Controlled aeration eliminates 
unwanted crevice corrosion background noise. Subsequently, to suit larger specimens, 
the ASTM G48 was modified. This study presents the modified ASTM G48 procedure. 
A series of pitting corrosion tests on stainless steel specimen with different thickness 
were conducted and data were statistically evaluated. The generalized extreme value 
distribution, such as Weibull, provides adequate statistical descriptions of the pit depth 
and pit diameter distributions. The modified ASTM G48 offered advantages in the 
extraction and interpretation of the data for pit characteristics in the accelerated pitting 
corrosion test simulating actual marine environment.   
Keywords: Pitting, ASTM G48, Large Specimens, Stainless steel, Weibull 
distributions
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5.1 Introduction  
Stainless steel is employed in many industrial and architectural applications due to its 
high corrosion resistance [218]. Stainless steel has a high resistance to corrosion due to 
the presence of about 18% of Cr which forms a shining, thin passive film that protects 
the structure from the external corrosive environment.  By increasing chromium and 
nickel contents, this type of steel becomes increasingly resistant to pitting corrosion. 
However, higher concentrations of these alloying elements result in lower carbon 
solubility and carbide segregation. Unfortunately, the Achilles heel of these films is a 
propensity to catastrophic local breakdown [219]. Heat treatments, whether intentional 
or accidental, may provoke carbide precipitation at grain boundaries, which often 
causes steel to become susceptible to pitting corrosion [220].  
Pitting corrosion is one of the most widespread and insidious forms of localized 
corrosion of passive metals and it commonly occurs in a range of aggressive 
environments [195, 221]. This type of corrosion is generally confined to a small area 
of the metal surface and it can cause the structure to fail by perforation or by generating 
stress corrosion cracks [222]. Moreover, pits are nucleated on a microscopic scale and 
are always covered by corrosion products. Thus, pitting is one of the more destructive 
and undetectable forms of corrosion in metals. Pitting corrosion is commonly observed 
in austenitic steel exposed to aqueous media containing chloride ions. The most 
commonly aggressive ion is the chloride anion found in many natural and industrial 
environments including seawater. Moreover, Pitting corrosion has always been 
considered as one of the major operational problems in power plants and process 
facilities [209, 223, 224]. Murata, Benaquisto and Storey [225] summaries the recent 
corrosion related incidents in the process industry. 
Field performance testing in a relevant environment is the most reliable form of 
evaluating pitting resistance of steel but it can take many years to produce useful 
performance data. Therefore, laboratory tests, which simulate natural exposure in an 
accelerated manner consistent to the field performance, are required to produce data in 
months rather than years [226]. A wide range of accelerated corrosion test techniques 
are available either as standards or company specific instructions [227, 228]. Their 
acceptance criteria vary. Some of the described methods leave certain details to be 
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decided by the test laboratory, and these details may have a decisive influence on the 
results.  
The main objective of accelerated corrosion testing is to simulate the field environment 
under laboratory conditions and therefore, the controlling factors for accelerated 
corrosion test are similar to those in the field tests. In recent years, there has been a 
development in corrosion testing from qualitative to more quantitative methods. 
Additionally, the prerequisites for corrosion testing in product qualification are 
changing [191] . Quantitative methods for characterization of corrosivity have been 
introduced to make it possible for a better translation of laboratory test results into in-
service performance [229-231].  
The ASTM G48 standard is widely applied for pre-qualification of corrosion resistant 
alloys, welds and weld overlay within the oil and gas industry [232]. This test also has 
the advantage of directly demonstrating the desired end result i.e. an improved 
resistance to chloride-induced crevice corrosion [233]. ASTM G48 testing in ferric 
chloride solution allows a quick assessment of pitting corrosion resistance of stainless 
steel. Although ferric chloride solution is regarded as a very aggressive test solution, 
there are similarities between this solution and the real environment in which a 
corrosion pit may develop during service in seawater [234]. Several researchers [81, 
227, 232, 233, 235-246] have used ASTM G48 for their experimental studies of pitting 
corrosion.  
However, ASTM G48 standard does not provide the specific inspection and testing 
regimes necessary to ensure pitting corrosion resistance for specific stainless steel (such 
as 304 specimens), suitable for seawater service. Corbett [239] reported problems in 
utilizing ASTM G48 to evaluate high-alloy stainless steels. His study addressed some 
specific challenges including ferric chloride solution preparation, duration of test, and 
required test temperature. However, the author failed to discuss the problems that may 
be encountered during the testing of larger specimens as well as their optimal 
orientation within the test solution. Furthermore, the study failed to provide any 
explanation as to the differential oxygen level and stagnation of the solution. 
The present work  employs the ASTM G48-11 [234] standard to evaluate the extent of 
pitting corrosion damage on dog-bone shaped 304 stainless steel specimens. During the 
experimental procedure, several challenges came to light including the limited 
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information available on experimental factors and response variables such as the pH, 
chemical properties of the ferric chloride and its proper concentration, orientation of 
the specimens, and time of exposure, all of which control the pitting process. Empirical 
knowledge, gained through experimentation, is presented in this paper to address these 
challenges. Further, an attempt has been made to unravel the possible solutions by 
modifying the ASTM G48 test standard.  
5.2 Experimental Details 
5.2.1 Materials and Methods 
For these experiments, test specimens were cut from UNS 304 stainless steel plate with 
the standard plate using a numerically controlled water-jet cutter. The chemical 
composition of UNS304 SS, used in this study, is given in Table 5-1. Figure 5-1 
illustrates the typical 230 mm long and 60 mm wide dog-bone shaped specimen, with 
a gauge length and width of 90 mm and 20 mm respectively. Mechanical grinding, 
polishing and buffing of stainless steel were also typically used to produce attractive 
mirror finishes. In this experiment, wet grinding with emery paper was used to polish 
all specimens. The specimens were thoroughly degreased well with acetone and rinsed 
with ethanol and then immediately placed in desiccators to avoid contact with the 
atmospheric environment. Each specimen was weighed to within 0.001gm before and 
after the test. 
 
Figure 5-1. Schematic diagram of the stainless steel test specimen 
Table 5-1. Chemical composition of UNS 31600 grade 304 SS used for the 
experiments 
Alloy  C% Mn% Si% P% S% Cr% Mo% Ni% N% 
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304 
Min. - - - - - 17.5 - 8.0 - 
Max. 0.07 2.0 0.75 0.045 0.030 19.5 2.470 10.5 0.1 
Pitting tests were conducted at 22°C for 72 hours in the ferric chloride solution 
according to the procedure outlined in ASTM G48-48. As outlined in ASTMG48, a 
stock solution of 6% ferric chloride (Fecl3.6H2O, Merck-supply) was prepared by 
dissolving 100gm of Fecl3.6H2O in 900mL of deionized water. This solution serves as 
a particularly aggressive chloride environment and is often used to assess the 
susceptibility of alloys to this type of corrosion. The acidic solution, high chloride 
concentration (3.9 %) and its strongly oxidizing nature makes this solution quite 
aggressive to accelerated pitting corrosion tests for stainless steel. The pH of the media 
is fixed by the test solution as the minimum ratio of the solution volume and specimen 
area 5 ml/cm2 specified in ASTM G48-A. Hence, there is no control on pH variation. 
The pH of the test solution was measured before and after the test using OHAUS ST20 
pH and Temp, 0.01 pH.  
The solution was poured into the polypropylene tray and kept in a water bath until a 
temperature of 22 ±2 ºC was reached. At this point, the specimens were immersed in 
the solution. Figure 5-2 illustrates the immersed specimens in the ferric chloride 
solution bath. As illustrated in Figure 5-2, two different orientations were investigated 
to examine the consistency of the pitting corrosion. Three specimens were tested 
(triplicated) for each orientation to compare the results. After the recommended test 
period of 72 hours, the specimens were rinsed with water and a nylon brush was used 
for removing corrosion products. They were then dipped in acetone and left to dry at 
room temperature. The weight losses of the specimens were recorded and as discussed 
in the next section the specimens were examined under an optical microscope.  
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Figure 5-2. ASTM G48 experimental procedure, specimens immersed in ferric 
chloride solution, a) vertical orientation on edges, b) flat surface orientations 
5.2.2 Microscopic Image Processing 
A Metallurgical Microscope (ME300TZB-2L-14M) was employed to measure the 
depth and diameter of the pits in each specimen. The diameter of the pit was determined 
from photographs by measuring the area of pitting mouth with the calibrated 
microscopic software (Am scope MU series). The pit depths were measured by 
applying fine focus techniques. The distance required shifting the optical objectives 
between the focal points on the top surface of the specimen and on the bottom of the 
pitting, and was recorded by digital dial-gauge. The pitting morphology in each 
specimen was observed on a scanning electron microscope (SEM) and optical surface 
profiler. The SEM images were obtained by using a model (FEI MLA650, CLS-UTAS) 
at 10 kV accelerating voltage. The chemical composition of the stainless steel surface 
after the immersion test were also evaluated using energy-dispersive X-ray 
spectroscopy (EDX). Energy Dispersive X-ray (EDX) analyzer is attached with the 
SEM for acquiring the EDX analysis. 
 
5.2.3 Physical Characterization of Pit 
An optical surface profiler measurement of a pit formed on the surface of 304 stainless 
steel specimens is illustrated in Figure 5-3. Each single pit formed was observed to have 
either a circular or an elliptical shape with the depth of a pit equal or greater than 
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0.025mm. The size of a pit was characterised by its depth and its radius, which was 
measured at the pit aperture. The pit radius was obtained from SEM observation of the 
top view. To validate the pit depth measured by a metallurgical microscope, 3D optical 
surface profiler measurement was performed using differential focusing techniques as 
shown in Figure 5-3. 
 
Figure 5-3. Optical surface profiler image of a pit formed on the surface of the 
specimen 
As demonstrated in Figures 5-4 and 5-5 the presence of excessive crevice corrosion on 
the top surface of the test piece was not expected. It is expected that the top section was 
nearer the air-solution interface and was therefore theoretically subjected to a higher 
concentration of oxygen. The observed pits were examined through visual inspection, 
under the optimal microscope and using SEM. As illustrated in Figures 5-4 and 5-5, the 
size of the pits were unexpectedly larger in diameter and depth. Excessive pitting and 
crevice corrosion was also observed on the edges of the specimens. Subsequently, to 
eliminate the unwanted corrosion noise that appears using ASTM G48, it is essential to 
conduct further test and analysis. It is equally crucial to provide recommendations to 
perhaps modify standard test procedure whilst testing larger specimens. 
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Figure 5-4. The edge of tested specimens with excessive pitting and crevice corrosion 
(left) and the SEM morphologies of pit formed (right) 
 
Figure 5-5. A tested specimen with pits on the top surface (left) and SEM morphology 
of the pit (right) 
5.3 Overview of Identified Challenges 
The critical parameters that are known to cause localized corrosion of stainless steels in 
accelerated testing are low pH level, variation in oxygen level, elevated temperature, 
surface finish and exposure period. ASTM G48 provides no or little guidelines nor 
precision to these parameters. Previous work reported in the open literature [232, 233, 
239, 244, 247, 248], used a different values for these factors to achieve the desired 
results. Using insights gained through experimentation, the present section reviews 
these factors and discusses the drawbacks and reliability of using ASTM G48 as an 
accelerated laboratory procedure for pitting corrosion.  
5.3.1 Specimen Orientation 
The use of ASTM G48 standard for larger specimens (refer Figure 5-1) has highlighted 
some unanticipated problems. The presence of excessive amounts of gross random 
background ‘corrosion noise’ masked the normal pitting corrosion at non-equipotential 
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sites on the surface. The corrosion noise is qualitatively and quantitatively unpredictable 
and prevents any assessment of the parameters such as pitting density and pitting depth. 
 
Figure 5-6. Location of the test piece in the solution and chemical reaction 
As shown in Figure 5-6, excessive crevice corrosion on the top sections of the test pieces 
was observed. In order to eliminate this level of corrosion interference, the following 
mechanism was postulated to occur. Figure 5-6 also illustrates the location of the test 
piece in the ferric chloride solution. The onset of corrosion is slow in the beginning and 
then speeds up towards the end of the 72 hour immersion period.  
Upon immersion of the specimen into a stagnant solution, hydrogen gas was produced 
from the acid present in the corroding solution with a pH of about 1.3. After immersion, 
bubbles of hydrogen formed slowly and rose unimpeded from the top surface directly 
into the solution. Bubbles of hydrogen formed at the lower sections escaped more 
slowly due to surface tension between the gas/liquid interface and the metal surface. As 
the region of liquid just above the test piece becomes more saturated with hydrogen, 
oxygen levels decrease slowly by displacement with hydrogen in comparison with 
oxygen at the lower levels. As the localised oxygen concentration gradient becomes 
more established over time, the conditions become more favourable for the start of 
crevice corrosion. This will occur on the top surface of the specimen where the oxygen 
concentration is lowermost. Thus, over time, the top of the specimen becomes anodic, 
and consequently, the bottom section will be cathodically protected. In all tests, severe 
crevice corrosion has been observed on the top sections, while corrosion at the bottom 
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section was almost absent. To eliminate this challenge associated with orientation of the 
test specimen and the stagnation of test solution, the ASTM G48 is modified and the 
detail is presented in section 4. 
5.3.2 Oxygen Concentration Differential 
In an accelerated laboratory test, rate of oxidation is faster and the addition of a catalyst 
may form pit more quickly [240]. In this study, the major problem using ASTM G48 
appeared to be the absence of discussion or acknowledgement of varying oxygen levels 
surrounding the test piece in the quiescent solution. It was assumed that this would lead 
to severe crevice corrosion due to differential aeration. This corrosion was most 
prevalent on the top section of the test piece and on the machined edges. The underside 
of the test piece was almost completely free from corrosion as a result of cathodic 
protection. The excessive corrosion on edges was thought to be exacerbated by cold 
working during the machining operation when the test piece was cut from a larger sheet 
of metal. This study proposed a method of maintaining the consistent oxygen level by 
aerating the solution. 
5.3.3 pH 
Although pH is the key factor which controls the pitting process [195, 249], ASTM G48 
does not suggest the precise pH measurements for the ferric chloride solution. The 
literature shows that pH of the as-made ferric chloride solution appears to vary in 
different laboratory tests. Many experiments [101, 102] were carried out to understand 
the effect of pH on pitting corrosion in marine environments and simulated under 
laboratory conditions. Malik, Ahmad, Andijani and Al-Fouzan [76] performed 
electrochemical tests on metal and found that corrosion rate increases with increasing 
acidity of the solution. Melchers [23] reported that the highly acidic conditions (i.e. low 
pH) are associated for pit to be propagated. Mathiesen, Alle and Andersen [232] used 
ASTM G48-A for their experimental studies and recommend the pH of ferric chloride 
solution to be between 1-2. In this study, the pH of ferric-chloride solution was 
measured at 1.2±0.1 throughout the experiment. This was achieved by dissolving 
100gm of anhydrous ferric chloride in 900ml of distilled water at 22±2 ºC. Hence, it is 
important to ensure that the pH value of the test solution is consistent for the better 
accuracy of the results. 
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5.3.4 Surface Condition 
The state of the metal surface is known to affect pitting susceptibility [17, 29]. The more 
homogeneous the surface, both chemically and physically, the higher the potential for 
pitting. Consequently, the numbers of pits is expected to be lower, and metal resistance 
to pitting will increase [17, 22, 58]. Surface roughness is caused by local ‘weak’ points 
in the protective oxide film where a critical Cl- concentration is present, or by 
homogeneities resulting from surface preparation. Either situation can increase the 
number of active sites for pit nucleation [17]. The roughness of a material’s surface 
depends on the surface preparation. This preparation is conducted to ensure proper 
adhesion of the coating. The coating is used to protect the materials from the 
environment by making a smoother surface and thereby reducing the possibility of 
localized corrosion occurring [41]. The surface roughness offers advantages to change 
the characteristic of sites for pit initiation [17, 41, 54].  
Figure 5-7 shows the SEM image of the pit formed at the surface of an unpolished 
specimen. It is noted that the initiation of pitting corrosion is usually related to defects 
or inclusions on the surfaces. These micro defects were observed on the surface of the 
specimen prior to the immersion test which was observed under an optical microscope. 
Similarly, Figure 5-7 also illustrates the chemical composition at the mouth of the pit 
using SEM and EDX. The EDX analysis indicated the presence of a mixture of Fe-Cr-
O-Ni-S. It was also observed that Fe is the main chemical component to produce a pit 
where there is a mechanical defect. The result was agreeable with the studies conducted 
by Wang, Cheng and Li [250].  
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Figure 5-7. SEM image of the pit near the surface defect area with the chemical and 
material composition 
ASTM G48 provides very little information on the surface preparation of the specimens. 
Rough surfaces can induce stress in the surface layer, which may cause their 
metallurgical properties to deteriorate and make them less suitable for corrosive 
environments. In addition; this metal surface involves microscopic scratches, strains, 
metal debris and embedded abrasives. This study found that it crucial to consider the 
surface finish up to mirror finish for a specimen to avoid unwanted corrosion noise 
using ASTMG48. Further analysis on surface preparation and associated results are 
discussed in the modified ASTM-G48 sections. 
5.3.5 Temperature 
Temperature is one of the critical factors in pitting corrosion because it greatly 
influences the corrosion behavior of steels. Many materials do not pit at a temperature 
below a certain value which may be extremely high and reoccurring [195, 196] . 
Melchers [80] stated that the reaction process for corrosion speeds up with higher 
temperatures after the initial phase, and that this suggests that corrosion rate increases 
with increase in the temperature. The ASTM G48 standard suggests an immersion test 
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to be carried out at a fixed temperature of 22ºC or 50ºC.  However, these temperatures 
are not designed as per the temperature criterion for materials acceptance.  
Several researchers have applied ASTM G48 with different temperatures to conduct the 
pitting corrosion resistant test for stainless steel and the results presented were all 
somewhat inconsistent. Bakrachevska [245] conducted the ferric chloride test for the 
stainless steel pipe at 30ºC and 40ºC to investigate the resistance to pitting of materials 
at different temperatures. The author reported the weight loss per unit area and claimed 
with the temperature of 22ºC, there was no observation of visual pits on the specimens.  
Maurer [233] reported that for mill acceptance, G48 was modified to require testing at 
a temperature of 35 ºC, although ASTM G48 suggested using 50ºC as well. They also 
claimed that 40ºC is an acceptable temperature for ASTMG48 in order for the specimen 
to avoid crevice corrosion. Mathiesen, Alle and Andersen [232] adopted ASTM G48 to 
test corrosion of overlay welds in different grades of stainless steel and used the testing 
temperature of 35ºC and 40ºC. They reported that Critical Pitting Temperature (CPT) 
technique can be used as an alternative ASTM G48 in doubtful cases. They 
recommended that more work needs to be done to establish suitable acceptance 
temperature using ASTM G48 standard. Based on the experimental work conducted in 
this study, a suitable test temperature for larger stainless steel specimens is suggested 
and is presented in section 4. 
5.3.6 Exposure Period 
The ASTM G48 suggests a test time of 72 hours, while a number of researchers [132, 
241, 244, 251-253] successfully used from 24 hrs, 48hrs, and 196hrs to 30 days to 
achieve desired results.  Corbett [239] recommended that a standard test time of 48 
hours be adopted for pitting corrosion resistance of stainless steel. Similarly, Byrne [243] 
suggested ASTM G48 test at 50ºC for 24 hours with acceptance criteria of no pitting 
and maximum weight loss of 4g/m2.  
In this study, a time dependent immersion test was conducted for the specimen up to 72 
hours. This test was conducted at the temperature of 22ºC to quantify specimen 
immersion time for creating the desired characteristic corrosion pit morphology. The 
specimen was removed after every 24 hours during the immersion test and pit 
characteristics data were recorded. It was concluded that the pits were initiated and fully 
developed within 48 hours of immersion test using ASTM G48 test procedure at 22 ºC. 
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Hence, an immersion time of 48 hours was selected based on the above observations to 
produce the desired pitted morphology onto the specimen. This recommendation agrees 
with Corbett [239] recommendation. 
5.4 Application of Modified ASTM G48- A Method for Larger Test 
Piece 
Based on the aforementioned challenges, ASTM G48 was modified in order to provide 
precise evidence on the controlling factors and to suit large specimens. To eliminate 
excessive corrosion noise at the edges of the specimen, aeration of the solution and the 
surface preparation of a specimen were initiated. It is expected that the aeration of the 
ferric chloride solution will maintain the motion of the solution to the specimen. 
The resistance of so-called “acid-resisting” metals to acid corrosion is largely due to the 
fact that they do not replace hydrogen with acids [254]. In the pitting process, the 
dissolved oxygen should be as active in producing pits as an acid used in accelerated 
testing. In order to obtain the similar concentration of the dissolved oxygen through the 
stagnant solution aeration is introduced. As demonstrated in Figure 5-8, the air bubbles 
were introduced in the ferric chloride solution. The edge of the specimen was polished 
by wet grinding, using emery paper of 400 to 600 grit number. Subsequently, the 
specimen was treated to a mirror finish by a buffing process. The specimen was 
immersed in the ferric chloride solution for 48 hours at 22 ºC. The pH of the ferric 
chloride solution was recorded constantly as between 1.2-1.3 throughout the test. 
 
Figure 5-8. Experimental setup for pitting Test, a modified ASTM G48 approach 
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5.4.1 Result and Discussion 
To investigate systematic errors caused by the abovementioned factors using ASTM 
G48, accelerated laboratory tests were conducted by modifying the experimental set-up. 
Figure 5-9 shows the pit formed on the surface of the specimen after aerating the 
solution and considering the surface finish for the specimen. The pit distributions 
patterned for specimens using existing and revised ASTMG48 standard was also 
analyzed and the corresponding SEM images were obtained. It is observed that aeration 
provides more realistic pit by avoiding unwanted effect of stagnation. Aerated solution 
is observed to have a higher corrosion potential compared to de-aerated solutions. This 
results is in good agreement with the results reported by Mameng, Bergquist and 
Johansson [255].  
 
Figure 5-9. SEM image of pit morphology and pit distributions at the surface and edge 
of the tested specimen after modifying test standard 
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Figure 5-10 shows the comparison of the corrosion depth versus diameter for the tested 
specimen using existing ASTMG48 standard and with modified approach. It is clear 
from the surface plot that the size of the pits using existing standard is significantly 
larger compared to the modified standard. The pit depth data achieved from modified 
standard agrees with the findings reported by Woldemedhin and Kelly [256] where they 
predicted the maximum pit size on stainless steels under atmospheric conditions. 
Through the modified approach, the pits observed after the immersion test were 
approximately hemispherical shapes. The largest pits were observed to be large in 
diameter but quite shallow. The comparable result were reported in the previous studies 
[102, 257].  In the modified approach, the specimens were placed in the mid-section of 
the water bath with the PVC supports on both sides. This provided the minimum contact 
between the supports and the tested specimens. Remarkably there were no significant 
attacks at the crevice formed by the PVC support points. 
 
Figure 5-10. Comparison of the pit depth and diameter for a) test result using ASTM 
G48 standard and b) Test result using modified ASTM G48 Standard 
 
Figure 5-11. The edge of the tested specimens after aerating the solution and 
considering surface finish of the test piece 
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Figure 5-12. SEM image for pitted edge of the tested specimen after modifying test 
standard 
It is necessary to compare the edge effect of tested specimens in order to confirm the 
effect of surface finish on the pitting corrosion. Figure 5-11 shows that the edges of the 
specimens were locally attacked by pitting corrosion during the immersion tests.  
However, density of unwanted crevices and pitting corrosion has been significantly 
reduced after the surface treatment. The specimens were also examined using a SEM as 
illustrated in Figure 5-12. A remarkable change in appearance can be observed when 
comparing the surface both with and without surface treatment (refer Figure 5-12). It is 
understood that the surface treatment removes the MnS inclusions successfully without 
dissolution of the substrate. It is also anticipated that rough surface creates the capillary 
effect in close crevices and this fact changes kinetics of the pitting corrosion. The rough 
surfaces of a metal also exhibit lower pitting potentials as by increasing the roughness, 
less-open pit sites are maintained during the early stages of growth as metastable pits. 
Therefore, there is more restricted diffusion of metal cations during propagation which 
can then result in the transition from metastable to stable pit growth. Comparable 
conclusions were also reported by Zatkalíková, Bukovina, Škorík and Petreková [92] 
for AISI 304 stainless steel. Hence, the ASTM G48 standard had better specify the 
importance of surface finish to eliminate the unwanted corrosion noise. Accordingly, 
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this study recommends mirror finish for the area on a specimen which should be 
protected from corrosion noise. 
5.5 Statistical analysis of Pitting Data Observed on Modified standard 
Based on the modified ASTM-G48-A, series of pitting corrosion test with eight 
different specimen thicknesses were considered: 0.9, 1.6, 2, 2.5, 3, 4, 5, 6 mm. 
subsequently, the entire pit depths and pit diameters data set for each specimen were 
recorded in a total of 24 (triplicated) immersed specimens. During the statistical analysis, 
individual pits which penetrated the thin specimen were assumed to have the depth 
equivalent to specimen thickness. During the measurements, the insignificant pits near 
the specimen edges (refer Figure 5-12) were discarded. The probability distribution was 
fitted to the specimens resulting in maximum data sets using the maximum likelihood 
estimator (MLE). The goodness of fit test was applied to determine how well a 
particular distribution fits the observed data. 
5.5.1 Pit Depth & Diameter Distributions 
The total number of measurable 0.05 ≤ 6 mm pits observed in the set of specimens for 
eight different thicknesses was recorded at around 890-1200. Histogram and the 
probability distribution function that best fits the pitting corrosion depth data are 
illustrated in Figure 5-13. As shown in Figure 5-13, generalized extreme value 
distribution (type III), i.e. Weibull distributions best fits the pit depth data.  
       (1) 
Eqn. 1 represents the Weibull distributions where γ,  and m are the location, scale 
and shape parameters, respectively. Most of the published work [28, 137, 141, 258, 259] 
reported that pitting corrosion followed generalized extreme value (GEV) distribution. 
Khalifa, Khan and Haddara [259] applied the extreme value method to predict the 
maximum localized corrosion of process components with a specified precision.   
( ) 1 exp( (( )/ )mFt t  = − − −

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Figure 5-13. GEV (Weibull) distribution fitted to the experimental pit depth histogram 
for distinctive thickness of stainless steel specimen investigated. 
Figure 5-14 a) shows the comparison of two common distributions employed to 
estimate the probability density functions that best fitted the pit depth data.  Normality 
test was also conducted using Anderson-Darling test considering normal distributions. 
Based on this analysis it is clear that the data does not follow normal distributions. 
Instead the pit depth data shows the best fit distribution using Weibull. As shown in 
Figure 5-14 the p-value is less than or equal to the significence level, hence the decision 
is to reject the null hypothesis and conclude that the pit depth data do not follow normal 
distribution. Also it is visually clear from the the normality test that the data points do 
not follow the fitted distribution line and the data are skewed from a curved line. 
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Figure 5-14. Probability density function comparison of the pit depth data (a), 
Normality test (b). 
In the histogram, (refer Figure 5-13) the shallow pits are those which after nucleation 
repassivate, or those that also repassivate after reaching a metastable state after 
immersion in the ferric chloride solution for 48 hrs. The high peak in the histogram used 
for specimen 0.9mm and in 1.6mm thickness, indicates the pit penetrating the entire 
thickness of the specimen. The maximum pit depth for the specimen that is fully 
penetrated is assumed to be equal to the specimen thickness. Caleyo, Velázquez, Valor 
and Hallen [260] also reported that the Weibull and Gumbel distributions are the most 
likely distributions to fit the pitting depth and rate for relatively short exposure. 
Similarly, the pit diameter was recorded for each pit observed during the microscopic 
examinations. Figure 5-15 shows the Anderson-Darling approach to identify the 
distribution that best fits the pit diameter data. It is found that the Weibull distribution 
provides a best fit for the pit diameter data as well. Figure 5-15 shows that the data 
points are in good agreement with the fitted distribution line in Weibull distributions.  
The histogram shown in Figure 5-16 seems to completely ignore the bell-shape and is 
symmetric about the means, which indicates that the pit diameter data does not to follow 
normal distributions. It can be noticed in Figure 5-16 that the shape parameter changes 
in the “bell curve” with respect to specimen thickness. In fact, the skewness values for 
each distribution change in each thickness. The reason for such a difference in shape 
parameters for each thickness might be the existence between growing pits located very 
close to each other. Similar conclusions were made by [9, 28, 260].  
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Figure 5-15. A specimen probability plot based on Anderson-Darling approach to 
identify the best fit distributions for the pit diameter data 
In Figure 5-16, it can be seen that some of the pit diameters are relatively large 
especially in the thicker specimens. This could be due to the aggressiveness of the ferric 
chloride solutions and the amount of inclusion and defect present in the specimen. The 
above analysis indicates that for the specimens studied, the statistical distribution for 
the observed depth and diameter of pits does not necessarily have to be of the Gumbel 
or Fréchet type as these distributions most commonly use extreme value distribution for 
pitting [138, 141, 258, 260, 261]. It is agreed that for the short-term immersion of the 
specimens, the Weibull is the most appropriate distributions for the observed pit depth 
and diameter data. It is also equally important to note that this present analysis has quite 
varied pitting data for 304 stainless steel immersed in the ferric chloride solution for 48 
hrs. at the temperature of 22±2 ºC. The pitting data for the same specimen in the actual 
marine immersion environment can be different and hence distinctive and complex 
statistical analysis may be required. 
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Figure 5-16. Histogram of the measured pit diameter for different thickness specimens 
and the fitted Weibull distributions 
5.6 Conclusion & Recommendations 
Pitting corrosion is a complex but important problem that is at the root of many 
structural and system failures. Hence, precise and realistic laboratory testing techniques 
are crucial to simulate real-world environments. In this study, the application of ASTM 
G48-A for a pitting corrosion resistance test for the larger specimens was found to be 
challenging. The presence of excessive amounts of gross random background 
‘corrosion noise’ has masked the normal pitting corrosion at non-equipotential sites on 
the surface. To eliminate the unanticipated problems during the ASTM G48 test, the 
standard is revised and a modified approach has been presented in this study. The result 
obtained from the modified test was validated with previous studies conducted under 
controlled laboratory conditions for 304 stainless steel. Validation of the pit size was 
accomplished by comparing the predicted pit size with the pit size obtained from 
previous studies. It has been shown that generalized extreme value distribution (Weibull) 
is found to provide best fit for both pit depth and pit diameter distributions observed 
from the short-term immersion test. From this study, the following recommendations 
were suggested for conducting pitting corrosion resistance tests using the ASTM G48 
standard; 
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• Aerating the solution to avoid differential aeration. Aeration is preferred over 
stirring, since a solution saturated with oxygen will be more consistent in terms 
of oxygen content and thus subject to fewer variations than a stirred solution. It 
is hoped that this procedure will eliminate all unwanted bulk corrosion resulting 
from different concentrations of air in the solution during the 48 hour immersion 
period;  
• Surface finish is an important procedure to eliminate the unwanted corrosion 
noise as a result of surface stresses caused by machining. It is recommended to 
consider the surface finish up to a mirror finish in the area which is more 
vulnerable to unwanted corrosion attack; 
• Furthermore, the presence of excessive surface roughness presented a series of 
sharp stress risers that would form anodes which in turn would initiate severe 
corrosion mask. 
• It is recommended that the test temperature should be maintained at 22 ±2ºC; 
• The pH value of ferric-chloride solution to be maintained as consistent 
throughout the test to achieve realistic results; 
• Regular monitoring of the oxygen levels will aid in identifying the oxygen 
depletion around the surface of the specimen;  
• To verify the result obtained from the test, electrochemical investigation such as 
potentiodynamic and potentiostatic polarization and zero resistance ammeter 
(ZRA) were suggested. This helps to measure and validate the corresponding 
corrosion rate; 
• A dye penetrant examination should be included, in combination with 
microscopy, in order to locate and identify pits on the exposed coupon. 
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6 Experimental and Numerical Strength 
Assessment of Steel Specimen subjected to 
Pitting Corrosion 
 
Abstract 
This paper presents an experimental and numerical investigation into the ultimate 
tensile strength of the stainless steel specimen with varying thickness subjected to 
different level of pitting corrosion deterioration. The surface of 24 of 304L stainless 
steel dog bone specimens was subjected to accelerated pitting corrosion using a 
modified version of the ASTM G48-48 process. The pitting corrosion damage was 
established using microscopic image processing. Uni-axial tensile strength tests were 
performed on both corroded and un-corroded stainless steel specimens of different 
thicknesses to study the ultimate strength reduction based on the severity of pitting 
corrosion. Non-linear finite element analysis simulations of the pitted and undamaged 
specimens were performed to predict changes to the ultimate strength due to pitting. A 
comparison of the numerical experimental results suggests very good agreement 
between the two. It was observed that the reduction of ultimate strength due to pitting 
is influenced by the degree of pitting, depth of pit, pit location and thickness of the 
specimen. 
 
Keywords: Stainless steel, Pitting corrosion, Tensile test, Numerical Study, Degree of 
Pitting 
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6.1 Introduction 
Aging steel structures may be subjected to strength and stiffness changes beyond their 
baseline condition for design. These changes may impair the safety and serviceability 
of the structure and should be considered as part of the process by which a structure is 
evaluated for continue future service [262]. Marine steel structures such as ships, 
offshore platforms, pipelines and underwater storage and shore facilities operate in an 
aggressive environment which make them prone to suffer various types of damage as 
they age [263]. Over the structure’s lifetimes, the result of the interactions between 
metallic structures of ships and offshore platforms with the maritime environment, 
corrosion occurs. Corrosion may be considered as the undesirable deterioration of such 
structures in reacting with their surrounding environment [264-266]. Corrosion can lead 
to structural material degradation, this material degradation results in loss of 
mechanical properties of the structure such as strength, ductility and impact strength. 
Material degradation also leads to loss of material and, at times, to ultimate failure [4, 
267]. Hence the assessment of the ultimate strength of corroded structures is crucial, 
since realistic safety margins for a structural system cannot be determined unless the 
ultimate strength is precisely estimated [268].   
 
There has been significant development of experimental and computer-based 
simulation techniques for studying and accurately predicting the ultimate strength of 
the complex structures under pitting corrosion; especially for steel structures [263, 268-
284] . Most of these studies have been carried out on simulated pitting corrosion 
patterns by varying Degree of Pitting (DOP), pit depth, pit shape, pit size, pit 
distribution and location. Paik, Lee and Ko [273] studied the ultimate strength 
characteristics of plate element with pit corrosion wastage under axial compressive 
loading used for offshore and marine structures. They performed a series of collapse 
tests on box-type plated structures plate with pit corrosion is performed in by a varying 
the amount of pit corrosion damage. They also carried out series of ANSYS non-linear 
Finite Element Analyses (FEA) for steel plate elements under axial compressive loads 
with varying the degree of pit corrosion intensity and plate geometric properties. The 
plate with pit corrosion was modelled to be simply supported along all edges keeping 
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them strength. Later they compared both experimental and numerical methods to 
validate the strength capacity of the plate element under pitting corrosion. 
 
Dunbar, Pegg, Taheri and Jiang [270] investigated the effect of localized corrosion on 
initial buckling, ultimate collapse and post-ultimate responses for stiffened plates using 
FEA. For their numerical analysis they use steel with Young’s modulus of 207 GPa 
with no strain hardening, poisson’s ratio of 0.3, a density of 7.85 mg/m3 and a yield 
stress of 350Mpa. The axially loaded finite element model was composed of 1296 
quadrilateral shell element with six degree of freedom at each node. Nakai, Matsushita, 
Yamamoto and Arai [285] studied the effect of pitting corrosion on local strength of 
hold frames of bulk carriers using a series of experimental tensile tests series of 
buckling tests and later elasto-plastic analysis using Finite Element simulations. To 
evaluate the effect of pitting corrosion, a series of tensile tests and compression tests 
were conducted with actual corroded members and artificially pitted members 
following the investigation of actual pitting corrosion on hold frames of 14-years old 
bulk carrier. They studied the effect of pit location on ultimate strength of steel plate 
and claim that the ultimate strength gets smaller as the location of pits gets closer to the 
centre of the web plate. 
 
Abdel-Ghany, Saad-Eldeen and Leheta [19] studied the effect of pitting corrosion on 
the strength capacity of steel offshore structure. They identified that the offshore 
structure’s capacity depends on the cross-sectional dimensional of the structural 
members. Decreased in the materials thickness due to pitting corrosion is very critical 
in regards to structural integrity. Similarly, Teixeira and Soares [280] presents a study 
of the collapse strength of corroded plates with random spatial distributions of corroded 
thickness. They proposed the alternative way to simulate the uniform reduction of the 
plate thickness due to corrosion, or a localized area of reduced thickness. Teixeira and 
Soares [280] consider the spatial distributions as the alternative to represent reduction 
in plate thickness due to corrosion and it can be well describe by a stochastic simulation 
of random fields. Huang, Zhang, Liu and Zhang [277] studied the effect of pitting 
corrosion on the ultimate strength characteristics of the hull plate. Attempt has been 
made to develop a formula for assessing the ultimate strength of hull plate with pitting 
corrosion damage under biaxial in-plane compressive loading. They claim that, 
previous research was only focused on developing the formula for assessing the 
130 
 
ultimate strength of plate with pitting corrosion damage when plate is subjected to 
uniaxial in-plane compression. However, they assumed that there is no corrosion on the 
plate edges for the corroded plate and the ultimate strength is the average stress on the 
plate edge. 
 
Silva, Garbatov and Soares [276] studied the effect of non-linear randomly distributed 
non-uniform corrosion on the ultimate strength of unstiffened rectangular plate 
subjected to axial compressive loading. A series of 570 plate surface geometries where 
generated by Monte Carlo simulation for different degree of corrosion, location, and 
age and FE analysis was conducted. They claim that the plate with the initial 
imperfections can be precisely analysed with the finer mesh size and lead to the good 
quality result. Sultana, Wang, Sobey, Wharton and Shenoi [286] presents a study that 
concentrates on a comparison between steel plate and stiffened panel subjected to 
localised corrosion. They used finite element analysis (FEA) method to investigate the 
effect of random corrosion on the compressive strength capacity of marine structures. 
Using the FEA they determine the reduction in the ultimate strength capacity of the 
stiffened panels over time and the effect of corrosion severity, aspect ratio and 
slenderness ratio was also investigated. 
 
Garbatov, Soares, Parunov and Kodvanj [283] performed tensile strength tests on 
small-scale corroded specimens, so as to derive their mechanical properties. The 
specimens were cut out of a box girder that was initially corroded in real seawater 
conditions. As a result of the tensile tests, the mechanical properties of the specimens 
were determined, namely modulus of elasticity, yield stress, tensile strength, resilience, 
fracture toughness and total uniform elongation, demonstrating that those material 
parameters are influenced by the severity of corrosion degradation. Most recently, 
Rahmdel, Kim, Kim and Park [287] introduced a novel stepwise method to predict 
ultimate strength reduction in offshore structures under pitting corrosion. Interestingly 
they proposed six steps in attempt to finding the relationship between the ultimate 
strength reduction (USR) with pit depth and the relationship between ultimate strength 
reduction and the age of the structures.  The main objective of the present paper is to 
study the effect of specimen thickness for strength assessment of the pitted plates under 
uniaxial tension. In order to achieve this goal, the paper presents the experimental and 
numerical study of the specimens with varying thickness, which were firstly corroded 
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and then tested under uniaxial tensile load. The surface of 24 corroded specimens with 
differing pit characteristics was analysed to investigate the strength reduction due to pit 
physiognomies. The numerical study is validated with the experimental result.  
 
6.2 Experimental Methodology 
In order to establish the effect of thickness in the ultimate strength of the pitted 
specimens subjected to uniaxial tension a series of destructive tensile test were 
conducted. Eight different specimen thicknesses were considered: 0.9, 1.6, 2, 2.5, 3, 4, 
5 and 6 mm. Dog-bone shaped tensile test specimens were cut from UNS 304L stainless 
steel plates using a numerically controlled water-jet cutter. Figure 6-1 illustrates the 
typical 230 mm long and 60 mm wide dog-bone shaped specimen, with a gauge length 
and width of 90 mm and 20 mm respectively. The cross-sectional area for the specimen 
was selected based on the Australian Standard, AS 1391-2007 Metallic materials—
tensile testing at ambient temperature [288].  
 
Figure 6-1. Schematic diagram of the stainless steel test specimen (not to scale). 
The chemical composition of UNS304L stainless steel adopted in this study, is reported 
by Bhandari et al. (2017) which is summarized in Table 6-1. 
Table 6-1. Chemical composition and mechanical properties of 304L used for the 
experiments [193, 289] 
Alloy  C% Mn% Si% P% S% Cr% Mo% Ni% N% 
 Min. - - - - - 17.5 - 8.0 - 
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304 
Max. 0.07 2.0 0.75 0.045 0.030 19.5 2.470 10.5 0.1 
 
An accelerated pitting corrosion procedure, immersion in a ferric chloride solution as 
outlined in ASTM G48-48, was utilized to obtain the desire level of pitting corrosion 
degradation of the specimens within an acceptable time frame. A stock solution of 6% 
ferric chloride (Fecl3.6H2O, Merck-supply) was prepared by dissolving 100gm of 
Fecl3.6H2O in 900mL of deionized water. The specimens were immersed in this 
solution at 22ºC for 72 hours. It was found that although the ASTM G48-48 process is 
often used to assess the susceptibility of alloys to pitting corrosion, its application to 
304 austenitic stainless steel specimens presented significant challenges for the larger 
samples (Lau et al. 2017). Hence, a modified ASTM G48 procedure specifically 
tailored to accelerated corrosion of larger 304 stainless steel specimens was 
successfully developed and reported [193].  
 
6.3 Experimental Results 
Figure 6-2 shows the pitted surface of 5mm thick specimen as observed by Scanning 
Electron Microscope (SEM) after the accelerated corrosion procedure. The depth and 
diameter of all pits located along the gauge length of the corroded specimen were 
recorded using microscopic image processing as detailed by  [193]. Pits located in the 
grip section of the specimens were ignored as it was assumed that they would not to 
affect the failure behaviour of the specimen. 
 
Figure 6-2. Pitting Corrosion Degradation of a 5mm thick specimen observed using 
SEM 
The minimum, maximum, mean values and standard deviation for pit depth and pit 
diameter measured for each thickness are given in Table 6-2. It is considered that the 
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corrosion data from all specimens follow the same time dependency for a mean value 
and standard deviation.   
The Degree of pitting intensity (DOP%) is introduced to denote the extent of pitting 
corrosion in each specimen. DOP% is defined as the percentage of the corroded surface 
area with respect to the original plate surface area, namely 
                            (1) 
Where is number of pits,  is the surface area of the  pit, a and b are length and 
width of the specimen, respectively. An experimental database including the 
characteristics of all cases and their corresponding results is shown in Table 6-2. Table 
6-2 presents the pitting corrosion data for specimen with various thicknesses which was 
triplicated to monitor consistency within experimental results. In addition, the DOP %, 
Ultimate tensile strength in MPa(UTS), Elongation results are summarised in Table 6-
2.
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Table 6-2. Specimen details and quantitative measure of level of pit corrosion of specimen 
Group Pit Depth  Pit Diameter 
Specimen 
Designation 
Thickness 
(mm) 
DOP% Min(mm) Max(mm) Mean (mm) St. Dev(mm) Min (mm) Max(mm) Mean (mm) UTS(MPa) % Elongation St. Dev(mm) 
A1C 0.9 1.18 0.01 Penetrate 0.61 0.31 0.21 2.04 0.81 354 13 0.58 
A2C 0.9 2.30 0.25 Penetrate 0.90 0.17 0.25 1.99 1.10 328 13 0.54 
A3C 0.9 2.14 0.25 Penetrate 0.90 0.22 0.41 1.77 1.33 411 8 0.45 
C1C 1.6 0.20 0.27 Penetrate 1.40 0.42 0.27 3.63 0.69 360 14 0.81 
C2C 1.6 4.07 0.29 Penetrate 1.60 0.58 0.29 1.88 0.42 457 18 0.61 
C3C 1.6 1.32 Penetrate Penetrate 1.60 0.00 0.49 3.96 3.65 390 13 0.44 
D1C 2 1.53 1.48 Penetrate 1.53 0.19 1.31 2.34 1.62 346 9 0.26 
D2C 2 6.02 0.32 Penetrate 1.52 0.43 0.42 2.81 1.60 431 19 0.65 
E1C 2.5 5.73 0.23 Penetrate 0.89 0.55 0.23 1.90 0.97 487 25 0.42 
E2C 2.5 3.87 0.32 Penetrate 1.41 0.64 0.40 2.73 1.47 509 22 0.76 
E3C 2.5 10.61 0.23 Penetrate  0.71 0.66 0.19 1.55 0.75 459 21 0.30 
F1C 3 0.03 0.61 1.30 1.01 0.56 0.42 0.70 0.56 550 25 0.20 
F2C 3 0.31 0.43 1.10 0.80 0.22 0.28 2.06 0.46 559 27 0.68 
F3C 3 3.20 0.25 1.67 1.56 0.50 0.45 4.25 2.56 487 13 1.27 
G1C 4 6.35 0.25 1.65 1.46 0.35 0.33 2.74 2.05 577 35 0.55 
G2C 4 4.22 0.51 1.44 1.27 0.23 0.52 1.40 1.13 605 44 0.20 
G3C 4 3.80 0.28 1.77 1.35 0.23 0.57 1.85 1.21 595 40 0.27 
H1C 5 0.95 0.03 1.75 1.49 0.63 0.22 3.00 0.79 595 35 1.32 
H2C 5 0.88 0.55 1.90 0.97 0.48 0.27 2.76 0.62 561 33 0.92 
H3C 5 1.58 0.28 1.49 1.44 0.39 0.60 2.30 1.95 572 36 0.52 
I1C 6 0.66 0.33 1.96 1.71 0.66 0.58 2.22 1.14 582 35 0.78 
I2C 6 0.34 0.25 1.65 1.28 0.47 0.53 1.64 0.73 598 46 0.35 
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I3C 6 0.54 0.66 1.50 1.29 0.44 1.37 2.35 1.89 588 40 0.49 
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As shown in Figure 6-3 Tensile test were conducted on a JIS B 7721 Universal test 
machine at University of Tasmania. The specimens were gripped in threaded connectors, 
aligned using pins and clevises, and loaded by crosshead displacement at a rate of 
0.5mm/minute. Force-displacement output was continuously recorded to each specimen 
until failures. Strain gauges were not applied as pits act as local stress/strain raisers 
causing inaccurate readings. For unpitted specimen extensometer were used to record 
the stress and strain. Eighteen specimens (triplicated) with different thickness and 
different corrosion degradation levels are used to determine the effects of pitting 
corrosion degradation on the mechanical properties. A single undamaged specimen for 
each thickness was tested to establish a control baseline. The average reported intact 
specimen has a minimum ultimate tensile strength of 515 MPa and the minimum yield 
strength of 205 MPa with a total uniform elongation is  >40% with the Young’s modulus 
of 193-200GPa [289]. It is assumed that if the specimens are intact, without corrosion, 
the failure will occur along the neck of the specimens and the yield strength will be 
around 250~275 MPa and the Young modulus is 190~200 GPa .  
 
Figure 6-3. Experimental tensile test layout and ruptured pitted specimen 
The load shortening curve were presented in the subsequent section. There was a 
problem of slippage at the jaws of tensile test machine at the test. The problem was 
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solved using a Toe compensation technique as outline in [290]. In a typical load 
shortening curve, there is a toe region, which does not represent a property of the 
material. It is an artifact caused by a take-up of slack, and alignment or seating of the 
specimen. In order to obtain correct values of such parameters as modulus, strain, and 
yield point, this artifact must be compensated for to give the corrected zero point on the 
strain or extension axis.  
6.4 Numerical Methodology 
The numerical investigation was performed using the Finite Element method [291] 
applied through the general purposed finite element package ANSYS Mechanical 
relese16. The analyses included both material and geometrical nonlinearities and were 
conducted using ANSYS 17 in windows 7 64-bit operating system. High Performance 
Computing (HPC) was utilized with Shared-Memory Parallel (SMP) with 4 processors. 
The ANSYS parametric design language (APDL) was used to generate, solve and post-
process the models. This particular modelling approach was chosen to allow for fast 
modification to the size and distribution of the pits on the corroded specimens without 
redrawing and meshing the model manually.  
The next step in establishing the FEA model was to assign boundary and load conditions. 
Typical tensile testing involves a fixed support at one end of the tensile test specimen 
and a force at the other. The analytic model of the undamaged sample with the boundary 
conditions simulated to uniaxial tensile test is shown in Figure 6-4. As shown in Figure 
6-4, the test specimen is assigned to obtain the given property onto the numerical model. 
The test specimens were provided with its loads, using fixed end condition on one side 
and displacement was applied at the other end.  The displacement, which acted on the 
opposite face to the fixed support, was stepped in increments. As shown in Figure 4 the 
force and the displacement were applied on the upper and bottom surface of the 
specimen end edge. Which is a practical representation of uniaxial tensile test.  Finally, 
selections on output were made which would dictate which data was recorded 
throughout the FEA. Since we had provided the input force, the main information we 
were interested in was the force on the gauge length section of the specimen. To find 
this, deformation probes were placed along a line on either end of the narrow section. 
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Figure 6-4. Development of intact model and boundary condition to replicate uniaxial 
tensile test of specimen 
 
In order to correctly represent the ultimate strength behaviour of the corroded and 
uncorroded specimens it is necessary to select an appropriate constitutive model of 304 
stainless steel. A constitutive model represents the mathematical relationship between 
stress and strain; For ultimate strength finite element simulations of ductile materials 
the constitutive model must be able to represent the material non-linearities that occur 
once the yield point is reached. Several non-linear constitutive models are available in 
ANSYS.  
Nonlinear material behaviour is entered into Ansys by means of entering stress and 
strain points into a table in the pre-processing stage of modelling. Ansys 15 will accept 
up to 20 stress-strain points, though it is common practice to use simplified material 
models to reduce computation time. Un-simplified material models are referred to as 
‘multi-nonlinear,’ while there are three commonly used simplified models. The simplest 
of these being ‘elastic perfectly plastic,’ requiring only the material’s young’s modulus 
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and a single data point corresponding to the material yield strength. This model assumes 
perfectly plastic behaviour past the yield point. A ‘Bi-linear’ material model also 
consider linear elastic behaviour until the yield point, but it includes strain hardening 
past yield define using a tangent modulus ET normally defined as E/200. In this 
investigation, and in order to obtain a better representation of the non-linear material 
behaviour, a Multilinear Isotropic (MISO) model was chosen. A MISO model can 
accept up to 20 stress-strain points, though it is common practice to use simplified 
material models to reduce computation time. The stress strain data for 304L at room 
temperature was adopted from a report published by the Idaho National Laboratory [271, 
292, 293]. The data for Young's modulus, yield strength, ultimate tensile strength and 
Poisson's ratio as seen in Table 6-3 were included.  
Table 6-3. Assigned mechanical properties of 304 stainless steel [292] 
 200 
 270 
 515 
 0.3 
 
 
  
Figure 6-5 shows the True stress strain  data adopted from [293]. They have conducted 
a series of quasi-static tensile test for 304L and 316L stainless steel at different 
temperature to develop a continuous engineering stress-strain curve with larger strain 
region.  
 
( )  ,   Modulus of Elasticity E GPa
 ,  [ ]YieldYield Strength MPa
  ,   [ ]UTSUltimate Tensile Strength MPa
 ,  Poisson Ratio v
140 
 
 
Figure 6-5. True stress strain measurements of 304 Stainless steel adopted from the 
Idaho National Laboratory [293]. 
Blandford, Morton, Snow and Rahl [292], [293] reported that, at room temperature (RT), 
the yield strength of the 304L test specimens varied from 260 to 305 Mpa and  the 
ultimate strength varied from 659 to 670 Mpa. Similarly, the engineering total strain, or 
engineering strain at fracture, varied from 71% to 82% and measured reduction in area 
was quite high (ranging from 76% to 89%). They conclude that this variation shows 
good ductility qualities over the temperature range. Several published articles on 
numerical modelling of 304L [271, 293-296] have adopted [292, 293] stress strain data 
in their numerical studies. 
Meshing plays a vital role in discretization technique; therefore the quality and type of 
meshing was chosen based on the precision of the result and to achieve solution faster. 
To improve the mesh quality around the pits each pit site is made up of 8 volumes which 
are individually map meshed using rotational volume sweeping. As shown in Figure 6-
6 a region of refined mesh circulating the pits outer circumference was also map meshed 
to further refine the model. The remaining centre area of the tensile specimen was free 
meshed and served as a transition region to the base of fillets, which were again, mapped 
meshed using volume sweeping. 
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Figure 6-6. Refined mesh around the cylindrical pit side. 
Three elements of the ANSYS library, namely SOLID185, SOLID 186 and SOLSH190, 
were found suitable to model the non-linear problem in hand, making it necessary to 
conduct a series of tests to ascertain which element type gave the most accurate result. 
SOLID185 is linear element with three translational degrees of freedom at each of its 8 
nodes, whilst SOLID 186 is a high-order 20 node element with also three translational 
degrees of freedom per node. SOLSH190 is used for simulating shell structures with a 
wide range of thickness (from thin to moderately thick) and possesses a continuum solid 
element topology and features eight-node connectivity with three degrees of freedom at 
each node: translations in the nodal x, y, and z directions. 
An undamaged 6mm thick sample in uniaxial tension was simulated to compare the 
performance of the aforementioned elements. The numerical force displacement plot 
was compared to experimental load displacement curve. As illustrated in Figure 6-7, 
minimal difference was observed using the three elements. SOLSH190 was discarded 
as the element is not capable of accurately modelling the topology of the pits. According 
to ANSYS [297], due to its mid side nodes, SOLID186 can better represent irregular 
shapes and was therefore selected over SOLID185.  
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Figure 6-7. Comparisons of experimental and FE simulated load-displacement curves 
for 6mm undamaged specimen using different element types. 
The crucial steps in the numerical simulation process involved defining the most 
appropriate pit topology idealization in order to enable an accurate representation of the 
average physical flaw. Based on the microscopic examination, most of the pits were 
observed to be of cylindrical shape. Figure 6-8 represents the pit characteristics 
examined using scanning electron microscopy (SEM). Modelling of a pit as a cylinder 
has advantages in its simplicity. We do expect, however, the shape of a pit to vary from 
that depicted in Figure 6-8 all the way to a more conical pit or semi-spherical shape, 
depending on material, grain morphology and corrosion conditions. The simple 
cylindrical representation is valuable, and represents an average pit shape in stainless 
steel specimen so the cylindrical pit was used for the modelling purposes. 
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Figure 6-8. SEM image of pit morphology and pit distributions at the surface of the 
tested specimen  
The pitted specimen was modelled using APDL script considering number of pits, 
individual pit depth, radius and location to be modified by simply changing the numbers 
in an array. The pits were generated by revolving separately generated areas, once the 
pits were all created, the rest of the solid model was created by means of extruding areas, 
before all the volumes were glued. This technique meant the sample was pre-divided up 
into several regions which later allowed the use of map meshing and also helped with 
mesh refinement. Figure 6-9 illustrates the duplication of Figure 6-8 considering the pit 
dimension and its location along the specimen. The mesh refinement must satisfy the 
need for a fine mesh to give an accurate stress distribution in a reasonable analysis time. 
The optimal solution is to use a finer mesh in areas of high stress: in the cylindrical hole 
of the pitting corrosion and in the supports regions as illustrated in Figure 6-9. 
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Figure 6-9. Numerical modelling of the corroded specimen with cylindrical pit 
To improve the mesh quality around the pits each pit site is made up of 8 volumes which 
are individually map meshed using rotational volume sweeping. A region of refined 
mesh circulating the pits outer circumference was also map meshed to further refine the 
model. The remaining centre area of the tensile specimen was free meshed and served 
as a transition region to the base of fillets, which were again, mapped meshed using 
volume sweeping.  
A convergence study was performed to select the most appropriate mesh density of the 
base specimen. Figure 6-10 shows the meshed tensile specimen with 0.5mm3 elements 
in the centre and transition regions as well as the refined mesh around the pit site will 
provide satisfactory result in the optimal simulation time. 
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Figure 6-10. Results from convergence study obtained based on the simulation time 
 
6.5 Numerical result and Discussion 
In total 24 tests were conducted on corroded specimen which was made of 3 sample 
from each thickness. The result presented below shows comparison of each thickness 
with corroded and uncorroded specimen. A comparison of the experimental and 
numerical load-displacement relationships for the validation models is given in Figure 
6-11-Figure 6-18. Figure 11-Figure 18 shows the resulting load-displacement curve for 
undamaged specimen and corrosion pitted specimen for thicknesses of: 6mm, 5mm, 
4mm, 3mm, 2.5mm, 2mm, 1.6mm and 0.9mm respectively. It can be simply realised 
that the FEM results are in relatively good agreement with the test results. As expected 
the results show that in all cases the ultimate strength of the pitted specimens is lower 
than that of the undamaged specimens. The observed behaviour are be attributed to the 
localized stress effects generated around the pits which lead to early failure of the 
material. Such localized failure manifests in the early and gradual decrease in the 
stiffness of the pitted material, as shown  in Figure 6-11-Figure 6-18. A decrease in total 
elongation of the pitted compared to undamaged specimens is also evident. Since the 
corrosion attack was selective and limited to the surface only, the apparent loss for 
elongation at fracture is attributed to the same effect of localized stress at the pits, rather 
than degradation of ductility in the bulk section of the specimen.  
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Figure 6-11. Comparisons of experimental and numerical of load-displacement 
relationships for 6mm (I1C) thick specimen 
 
Figure 6-12. Comparisons of experimental and numerical of load-displacement 
relationships for 5mm (H1C) thick specimen 
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Figure 6-13. Comparisons of experimental and numerical of load-displacement 
relationships for 4mm (G1C) thick specimen 
 
Figure 6-14. Comparisons of experimental and numerical of load-displacement 
relationships for 3mm (F2C) thick specimen 
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Figure 6-15. Comparisons of experimental and numerical of load-displacement 
relationships for 2.5mm (E2C) thick specimen 
 
 
Figure 6-16. Comparisons of experimental and numerical of load-displacement 
relationships for 2mm (D1C) thick specimen 
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Figure 6-17. Comparisons of experimental and numerical of load-displacement 
relationships for 1.6mm (C2C) thick specimen 
 
 
Figure 6-18. Comparisons of experimental and numerical of load-displacement 
relationships for 0.9mm (A1C) thick specimen 
Figure 6-11-Figure 6-18 also compares the numerical results with the experimental 
result for both undamaged and pitted sample for each thickness. It is notable that 
numerical results show similar trends to the tested experimental results and capture non-
linear load-displacement response of the specimens up to peak load. It indicates that the 
finite element analyses are capable of predicting the experimental behaviour of the 
specimens when these are subjected to a uniaxial tensile load. 
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Figure 6-19 shows the comparisons of the experimentally and numerically obtained 
ultimate strength values for all pitted samples. It is notable that the ultimate strength for 
pitted samples is over predicted using numerical analysis. This might be the effect of 
the pitting corrosion at the edges of the specimen which was not considered in numerical 
modelling. The unaccounted loss of specimen thickness due the accelerated corrosion 
process may have also contributed to over prediction of ultimate strength in numerical 
analysis.  
 
Figure 6-19. Comparison of ultimate tensile strength obtained experimentally and 
numerically for pitted specimen 
 
Figure 6-20 shows the comparisons of percentage deviation on ultimate tensile strength 
obtained experimentally and numerically for pitted specimen. It can be appreciated that 
numerically obtained results for the thinner specimens present a higher deviation on 
ultimate strength predictions than the thicker ones. The 0.9mm thick specimen has the 
largest deviation (19.1%)whilst the 6mm thick specimen has only a 2.7% deviation from 
experimental results. This might be due to more pits on thinner sample and most of the 
pits were penetrated through the entire sample (refer Table 2).  Unfortunately, the fully 
penetrated pits were not successfully modelled using FEA because of mesh limitation 
and volume sweeping. Hence, the fully penetrated pit in FE were considered as 10% 
less then specimen thickness. 
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Figure 6-20. Comparisons of percentage deviation on ultimate tensile strength obtained 
experimentally and numerically for pitted specimen 
Figure 6-21 shows stress distribution (von Misses) for pitted specimen. As illustrated in 
Figure 6-21 the lowest stress is always at edge of pit opening on the surface. The 
maximum stress is always found on the tip of deepest part of pit. It is shown that the 
maximum stress is on a deepest notch of the pit although the pit has other notches that 
could potentially act as stress raiser. These notches are also potential sites of 
accumulation of corrosive agent. Additionally, it can be seen from Figure 6-21 that the 
notches formed as a preferential site for the pit growth. This means the notches were 
anodic site. When loads can influence corrosion inside pit such as reported in [298],  
these pit shapes may influence the rate of corrosion  on particular sites of pit and assist 
in forming deeper pits. 
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Figure 6-23 illustrates the comparison of ultimate tensile strength of the 6mm thick 
specimen with varying level of DOP 1%, 5% 10% and 25%.  It is evident from Figure 
6-23 that the specimen tensile strength is significantly decreased as the level of DOP 
increases. This trend was consistent throughout the specimen with different thickness. 
Similar findings were reported by [263, 272, 273, 275-278]. It can be concluded that 
the ultimate strength of a pitted specimen under uniaxial tensile load is governed by the 
DOP.  
 
Figure 6-23. Load Vs Displacement for a 6mm thick steel specimen with varying level 
of DOP  
Figure 6-24 shows deflected shapes of specimen with different pit corrosion intensities 
immediately after the ultimate strength is reached; (a) with DOP 0.66; (b) DOP 10.6%. 
It is interesting to note that the maximum deflection of a specimen with larger DOP is 
Figure 6-22. Location of minimum stress is always at pit opening 
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small at the ultimate limit stress compared to that with smaller DOP. This is due to the 
fact that the larger localized plasticity develops earlier in the plate with greater pit 
corrosion intensity. The presence of pitting also meant that the cross section of the test 
volume was no longer uniform. This meant that there would be discrepancies in 
elongation across the specimen's depth. The deformation probe line provided something 
of a solution to this problem by considering the average deformation across the line. 
 
Figure 6-24. Deflected shapes of a pitted specimen under uniaxial tensile load; (a) DOP 
0.66%; (b) DOP 10.6% 
6.6 Conclusion 
The work presented here determines the effect of pitting corrosion deterioration on steel 
specimens of different thickness subjected to tensile loading. Accelerated pitting 
corrosion tests were conducted for specimen with various thicknesses according to aa 
modified ASTM G48-48 procedure. Uniaxial tensile tests were performed on 
undamaged and pitted specimens, so as to derive their strength characteristics.  A series 
of ANSYS large deflection finite element analyses for a pitted and undamaged 
specimen under uniaxial tensile load were carried out, varying the pit corrosion 
intensities and the specimen thickness. Some available tested models influenced by 
pitting corrosion are numerically simulated and validated with experimentally results. 
The results show good capability of the software to establish a framework for 
establishing the ultimate strength of the pitted specimen. It is evident that the ultimate 
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strength of a plate element can be significantly decreased due to pit corrosion. It was 
found that numerically obtained results for the thinner specimens present a higher 
deviation on ultimate strength predictions than the thicker ones. The ultimate strength 
of a specimen with pit corrosion and under tensile load is governed by the DOP (degree 
of pit corrosion intensity). In contrast, it has been realized that the ultimate strength of 
a pitted specimen is governed by the DOP and its thickness. However the strength 
assessment may influence as changes of materials properties and aging effect is 
considered. The results presented in this study shows that the numerical modelling for 
strength prediction for pitting structures is valuable techniques and will be very useful 
for damage tolerant design of steel plated structures with pit corrosion.  
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7 Conclusions  
 
Pitting corrosion is regarded as one of the predominant causes of structural failure and 
its effects on offshore structures are reported to be catastrophic. Hence, significant 
attention should be given to predicting the occurrence of pitting corrosion in offshore 
structures and the adequate measures which should be taken to prevent and control the 
consequences. This project aimed at improving the safety and reliability of offshore 
structures susceptible to pitting corrosion. The detailed conclusions from the present 
work are as follows: 
1) From the wide and extensive literature review on offshore safety and from the 
historical offshore accidents it was surveyed that pitting corrosion is one of the 
prominent concerns in offshore sectors; hence it is important to consider it in 
research. It is anticipated that the output of this study will be beneficial to all 
parties concerned and is expected that it will contribute to knowledge 
enhancement in the academic world and industry.  
2) There are many studies conducted on the pitting mechanism, field-testing and 
laboratory testing in the field of pitting corrosion; however, there is no 
development of detailed studies for failures in offshore structures due to pitting 
characteristics. One critical requirement is the investigation of how pitting 
characteristics, such as rate, depth, density and distance, can cause a structural 
failure. Previously, empirical and statistical degradation models were developed 
by either fitting field or laboratory data. However these models, even though 
useful for specific site or operating conditions, still carry high uncertainty. 
3) A novel methodology for a risk-based maintenance strategy using BN is 
developed. This methodology is crucial to reduce the risk of failures and 
optimize the cost of maintenance including the cost of failure. Application of 
the developed methodology for the maintenance scheduling of an offshore oil 
and gas production platform demonstrated that preventive maintenance time can 
be altered for each components in the system.  
4) Due to limited time and resources, the proposed work did not consider the pitting 
corrosion field test where the pitting process can be constantly measure until 
failure of the system. However, Laboratory-based pitting immersion tests 
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performed on 304 austenitic stainless steel specimens using ASTM G48 to study 
the pitting process and the effect of environmental factors which controls pitting 
process. 
5) A Bayesian Network based methodology is proposed for predicting pitting 
corrosion depth of structural steel exposed to seawater in long-term anaerobic 
conditions. Emphasis is placed on modelling the pitting depth by combining the 
multi-phase phenomenological and empirical models. The proposed model is 
critically important for the management of older offshore structures as well as 
for the design of new infrastructure to ensure safety and serviceable long life. 
6) Finally, series of ANSYS large deflection finite element analyses for a pitted 
and undamaged specimen under uniaxial tensile load were carried out, varying 
the pit corrosion intensities and the specimen thickness. Some available tested 
models influenced by pitting corrosion are numerically simulated and validated 
with experimentally results. 
7) The further improvement of this work could be analysing effect of pitting 
corrosion on systems such as the structural elements of marine and offshore 
structures, Static process equipment and Rotating machinery.  
8) The influence of mechanical loads on pit growth kinetics as well as a criterion 
of transformation of pit into fatigue crack is also considered as a further 
improvement of this work.
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8 Appendices 
Appendix A-Pitting Corrosion Depth Data Adopted from ASTM (Phull et al., 1997) 
Ocean City (New jersey) Wrightsville beach (North Carolina) Key west, Florida 
Exposure Period 
(years) 
Corrosion rate 
(µm/year) 
Corrosion loss 
(pit depth) (mm) 
Exposure Period 
(years) 
Corrosion rate 
(µm /year) 
Corrosion loss (pit 
depth) (mm) 
Exposure Period 
(years) 
Corrosion rate 
(µm /year) 
Corrosion 
loss (pit 
depth) (mm) 
0.5 192 0.36 0.5 161 0.31 0.5 136 0.16 
0.5 213 0.33 0.5 165 0.5 0.5 146 0.36 
1 209 1 1 123 0.68 1 107 0.81 
1 322 1.31 1 213 1.28 1 119 0.39 
3 100 1.57 3 87 2.44 3 124 2.17 
3 107 1.87 3 214 4.44 3 84 1.19 
5 92 2.24 5 68 1.39 5 84 1.23 
5 100 1.46 5 224 4.11 5 75 1.40 
  Freeport Texas  Port Huenema, California  Talara, Peru 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Corrosion loss 
(pit depth) (mm) 
Exposure Period 
(years) 
Corrosion rate 
(µm /year) 
Corrosion loss (pit 
depth) (mm) 
Exposure Period 
(years) 
Corrosion rate 
(µm /year) 
Corrosion loss 
(pit depth) 
(mm) 
0.5 120 0.27 0.5 550 0.95 0.5 196 0.48 
0.5 105 0.37 0.5 245 0.44 0.5 180 0.35 
1 105 0.53 2 113 0.8 1 147 0.73 
1 91 2.58 2 121 0.83 1 137 0.84 
3 99 2.77 2.9 125 3.5 3 129 3.4 
3 137 6.07 2.9 173 1.88 3 126 2.52 
5 135 6.07 5 207 2.12 5 131 2.98 
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5 86 2.59 
 
 
5 
             5 136 2.59 
 KeAhole, Kona, Hawaii Innisfail, Queensland Australia Sakata Harbour, Japan 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Corrosion loss 
(pit depth ) (mm) 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Corrosion loss 
(pit depth) 
(mm) 
Exposure Period 
(years) 
Corrosion rate 
(µm /year) 
Corrosion loss 
(pit depth) 
(mm) 
0.5 240 0.84 1 207 3.63 0.5 86 0.18 
0.5 235 0.44 1 233 2.23 0.5 89 0.27 
1 165 0.73 3 174 1.62 1 168 0.22 
1 536 6.07 3 185 1.59 1 171 0.27 
3.2 204 2.11 5 162 2.2 3.1 68 1.32 
3.2 79 1.27 5 146 1.59 3.1 62 1.21 
5 56 1.09 
   
5 94 1.98 
5 97 1.41 
   
5 68 2.61 
Genoa, Italy   Kyndby Isefjord, Denmark  Studsvik, Sewden 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Corrosion loss 
(pit depth) (mm) 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Corrosion loss 
(pit depth) 
(mm) 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Pit 
depth(mm) 
0.5 145 0.54 0.5 82 0.25 0.5 108 0.25 
0.5 194 0.32 0.5 106 0.22 0.5 103 0.22 
1 158 0.79 1.5 95 0.41 1 128 0.6 
1 214 0.75 1.5 122 0.7 1 131 0.69 
3 215 4.42 3.1 91 1.69 3.2 69 1 
3 224 6.07 3.1 90 1.72 3.2 62 0.92 
5 115 3.88 5 100 1 5 73 1.58 
5 123 1.86 5 79 1.85 5 72 1.4 
 Bohus-Malmon, Sweden Isle of Wight, England 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Corrosion loss 
(pit depth) (mm)) 
Exposure Period 
(years) 
Corrosion rate (µm 
/year) 
Corrosion loss 
(pit depth) 
(mm) 
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0.5 103 0.18 0.5 226 0.36 
0.5 95 0.21 0.5 156 0.31 
1 86 0.35 1 148 0.44 
1 94 0.43 1 355 1.06 
3.1 99 2 3.1 84 1.07 
3.1 119 1.83 3.1 104 1.42 
5 101 1.88 5 87 1.19 
5 79 2.25 5 79 1.58 
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